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Zusammenfassung

Eines der brennensten Themen in der Physik gilt der Untersuchung der starken Wech-
selwirkung. Da die Vektorbosonen der starken Wechselwirkung (Gluonen) eine Farb-
Antifarb–Kombination tragen, treten Effekte wie Confinement (to confine = einsperren) im
niederen Energiebereich auf. Diese “eingesperrte” Hadronenphase kann mit dem HADES
Aufbau [A+09] erforscht werden, der am GSI Helmholtzzentrum für Schwerionenforschung
in Darmstadt stationiert ist. Versorgt durch das SIS18 Synchrotron kann die nukleare
Zustandsgleichung bis zu Dichten von 3ρ0 untersucht werden. Dabei betrifft eines der
offenen Fragen das KN Potential, dessen repulsives Verhalten von mehreren Experimenten
bestätigt wurde. Die beobachtete Stärke jedoch, ermittel mit Hilfe von Transportmodellen,
unterscheidet sich (UKN = 20− 40 MeV) [B+04, B+09, A+10]. Folglich ist eine wiederholte
Messung dieser Observablen und eine Validierung der Transporttheorien notwendig.

Zu diesem Zweck wurden p+p Daten, welche bei einer kinetischen Energie von 3,5 GeV
aufgenommen wurden, analysiert, sowohl als Referenz für komplexere Systeme wie p+A
und Schwerionenkollisionen als auch als Gegenprobe für Transportmodelle. In dieser Ar-
beit wird eine inklusive Analyse der K0 Ausbeute präsentiert, welche als Funktion von
zwei-dimensionalen Observablen (pt-ycm und pcm-cosΘcm) ausgeführt wurde. Dadurch
konnte eine modell-unabhängige Korrektur der HADES Akzeptanz und Effizienz und
die ein-dimensionale Winkelverteilung dN/dcosΘcm gewonnen werden, welche eine leichte
anisotrope K0 Produktion aufzeigt. Weiterhin konnte die Rapiditätsverteilung dN/dycm
abgeleitet und der gesamte K0 Produktionsquerschnitt extrahiert werden (σtotK0 = 113.5±
2.7(stat)+16.6

−10.2(sys) µb). Der Vergleich der Transportmodelle (HSD [CB99], UrQMD [B+98]
and GiBUU [B+12]) mit den Ergebnissen zeigte allerdings keine zufriedenstellende Überein-
stimmung, weder in Bezug auf die Kinematik noch in Bezug auf die Ausbeute.

Da eines der Hauptbestandteile von Transportmodellen experimentelle Wirkungsquer-
schnitte sind, wurde ebenso eine exklusive K0 Analyse durchgeführt. Der p+p Datensatz
ist dabei energetisch besonders gut geeignet, um die Relevanz von Resonanz- im Vergleich
zu String-Fragmentierungs-Modellen zu beurteilen. Dazu wurden Reaktionen, welche Reso-
nanzen zusammen mit einem K0 erzeugen (p+ p→ K0 +R +X mit R = ∆(1232)++ oder
Σ(1385)+), explizit mit einer Vierteilchen-Ereignisselektion (p, π+, π+ und π−) ausgewählt.
Dabei konnte jeder Kanalbeitrag zusammen mit dem Untergrundmodell bestimmt wer-
den. Die Ergebnisse zeigen einen vorherrschenden Beitrag an resonanten ∆++ Reaktionen,
welcher 6-10 mal höher ist als der von den nicht-resonanten Äquivalenten. Außerdem konnte
die Winkelverteilung der ∆++ Produktion in dieser Analyse extrahiert werden.

Letztendlich konnten diese Erkenntnisse erfolgreich im GiBUU-Modell [B+12] implementiert
werden, so dass die inklusiven K0 Spektren beschrieben wurden und es für die Bestimmung
des KN Potentials in p+Nb Kollisionen bei der gleichen Strahlenergie verwendet werden
konnte [A+14c]. Indem die übrigen unsicheren Modellparameter systematisch variiert
wurden, war es möglich ein KN Potential von 40±5 MeV anzugeben. Darüber hinaus
sind die extrahierten Ergebnisse auch für die zukünftigen Experimente von HADES und
CBM an der FAIR Einrichtung in Darmstadt, die Messungen bei einer Strahlenenergie von
2-50 AGeV durchführen werden [F+11, FSS12], von essentieller Bedeutung.
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Abstract

One of the hot topics in physics is devoted to the study of strong interaction. Since
the gauge bosons of the strong force (gluons) carry a combination of color–anti-color, effects
such as color confinement prevail in the low-energy regime. This confined hadron phase
can be explored by the HADES setup [A+09] located at the GSI Helmholtzzentrum für
Schwerionenforschung in Darmstadt, Germany. Supplied by the SIS18 synchrotron it is
possible to study the nuclear equation of state (EOS) up to densities of 3ρ0. One of the
open questions is, thereby, related to the KN potential, whose repulsive behavior has been
confirmed by several experiments. The observed strength, however, obtained with help of
transport models differ (UKN = 20− 40 MeV) [B+04, B+09, A+10]. As a consequence, a
re-measurement of this observable and a validation of the transport theories is needed.

For this purpose, p+p data recorded at a kinetic beam energy of 3.5 GeV were analyzed
as a reference for more complex systems like p+A and heavy ion collisions as well as for
a cross-check of transport models. In this work an inclusive analysis of the K0 yield is
presented, which was carried out as a function of two-dimensional observables (pt-ycm and
pcm-cosΘcm). Thus, a model independent correction of the HADES acceptance and efficiency
and the one-dimensional angular distribution dN/dcosΘcm could be retrieved, which shows
a slight anisotropic K0 production. Furthermore, the rapidity density distribution dN/dycm
could be deduced and the total K0 production yield could be extracted (σtotK0 = 113.5 ±
2.7(stat)+16.6

−10.2(sys) µb). The cross-check of the transport models (HSD [CB99], UrQMD
[B+98] and GiBUU [B+12]) with the results, however, showed no satisfactory agreement
both in terms of kinematics and yield.

Since one of the main ingredients of transport models are experimental cross sections,
an exclusive K0 analysis was performed as well. The p+p dataset is, thereby, very good
suited to evaluate the relevance of resonance compared to string fragmentation models.
For this purpose, reactions producing resonances together with a K0 (p+ p→ K0 +R +
X with R = ∆(1232)++ or Σ(1385)+) were chosen explicitly by a four-particle event
selection (p, π+, π+ and π−). Thereby, each channel contribution could be determined
together with the background model. The results show a predominant contribution of
the resonant ∆++ reactions, which is 6-10 times larger than that of the non-resonant
equivalents. Moreover, the angular distributions of the ∆++ production could be extracted
in this analysis.

Finally, these findings were implemented successfully into the GiBUU model [B+12], so that
the inclusive K0 spectra were reproduced and so that it could be used for the determination
of the KN potential in p+Nb collisions at the same beam energy [A+14c]. By systematically
varying the remaining uncertain parameters of the model, it was possible to state a KN
potential of 40±5 MeV. These extracted results are, furthermore, of essential importance
for future experiments of HADES and CBM at the FAIR facility in Darmstadt, Germany,
which will perform measurements at beam energies of 2-50 AGeV [F+11, FSS12].
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1 Introduction

1.1 The Standard Model of Particle Physics

Up to the present date the standard model (SM) of particle physics has not been proven
wrong. In fact its validity has been shown in a multitude of experiments. The standard
model formulated in the 1970s predicted the fundamental spin 1

2 particles (fermions), from
which all matter is made of, and describes the basic particle interactions known today.
Hence, beside the six leptons, which can exist freely, six further elementary particles, namely
the quarks, were found in bound systems, the hadrons. Hadrons either consist of three
constituent quarks and are called baryons or of a quark–anti-quark–pair and are called
mesons. However, only the lightest baryons (e.g. protons) are stable in the sense of having
longer lifetimes than our solar system, all other hadrons decay within a shorter time. A
detailed scheme showing all fermions with their properties (charge, color charge, mass and
spin) is depicted in Figure 1.1.

Figure 1.1: Diagram of the standard model particles taken from [isg14].
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2 1 Introduction

The standard model, furthermore, addresses the fundamental forces that act between the
particles. These interactions are described by the exchange of gauge bosons, which are also
illustrated in Figure 1.1. The probably best-known but at the same time least understood
interaction is the gravitational force, which operates between all massive particles. Taking
into account the mass range, with which particle physics deals with, gravitation is, however,
the weakest interaction and can be neglected on the microscopic scale. The exchange
boson is supposed to be a so-called graviton with spin 2, which has not yet been discovered
experimentally. The second force, which comes along with the charge of the particles,
is the electromagnetic interaction and is mediated by the exchange of photons. It is for
example responsible for the bounding of electrons and nuclei or the intermolecular forces in
liquids and solids. More important for this work is the strong interaction, which will be
addressed in more detail in the next section. It is the force, which accounts for the binding
of quarks within hadrons and of the protons and neutrons within nuclei. The strong force
is mediated by the massless gluon. Finally, a fourth force is known, which is the so-called
weak interaction. It is typically involved in the slow process of a nuclear β-decay and is
described by the exchange of the rather heavy W+, W− and Z0 bosons with masses in
the order of 80-90 GeV/c2. Ultimately, it seems quite unsatisfying to have four forces or
fields, which are completely independent from each other. That is why, studies are being
carried out to find a more fundamental underlying theory, from which all four forces might
originate.

1.2 Strong Interaction, QCD and EOS

The strong interaction introduced above has been successfully described by the theoretical
framework of quantum chromodynamics (QCD), which is a non-abelian gauge theory with
SU(3) symmetry. Similar like in quantum electrodynamics (QED), in which the charge
defines a local symmetry, in QCD the color charge was introduced as internal degree of
freedom as already implied by the word “chromo”. There are six types of color charges,
whereby a quark carries one of the three primary colors (usually denoted as red, green
and blue) and an anti-quark carries one of the three anti-colors. However, not only quarks
hold color properties, but also the exchange bosons of the strong interaction, namely the
gluons, which carry a combination of color–anti-color. This feature allows the gluons to
self-interact and leads to effects such as color confinement and asymptotic freedom, which
are reflected in the form of the QCD potential Vs(r):

Vs(r) = −4
3
αs(r)
r

+ kr (1.1)

with

αs : strong coupling constant
r : distance between quark and anti-quark
k ≈ 1 GeV/fm
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The linear term kr is related to confinement and dominates at large distances equivalent to
low-energy scales. Due to confinement quarks and gluons can never be observed as free
particles in the normal environmental conditions. Instead, the strong force of the gluon-field
increases with growing distances coupling the quarks together to confined objects of three
quarks or quark–anti-quark pairs, the colorless hadrons. Hence, if a quark gets separated
far enough from its bound system, at some point it will be energetically more favorable to
generate a new quark–anti-quark pair than to put more energy into pulling the quark away
and thus lead to spontaneous hadronization.

The first term of the quark–anti-quark potential (Eq. 1.1) is the relevant term at small
distances and has the same α

r
behavior as the coulomb force. Small distances correspond

to very high q2 (transfer momentum), where the energy dependent running coupling αs
decreases drastically (αs � 1). Therefore, the strong interaction becomes weak in this
energy regime and the quarks might be even freed thus allowing theory to treat the QCD
Lagrangian perturbatively with the quarks being the relevant degrees of freedom [Sch03].
Consequently, if going to very high temperatures or densities, one can think of a state, in
which quarks and gluons are not bound in hadrons anymore, but move freely in a kind of
plasma. Indeed, this phase is called a Quark-Gluon-Plasma (QGP).

Figure 1.2: An example of the QCD phase diagram taken from [BCC11].

The phenomena described above can be summarized in a so-called QCD phase diagram,
which is illustrated in Figure 1.2. The confined hadron phase can be found at low tem-
peratures and rather low net baryon densities µB, whereas a Quark-Gluon-Plasma will be
located at high temperatures and densities. Theories predict a first order transition when
moving from the hadron phase to the QGP at larger net baryon densities than at the critical
point, while the needed temperature decreases with larger densities. At the critical point
(Tc≈170 MeV) a second order transition is expected. And when going to even lower densities
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a smooth crossover should appear between the hadron gas and the Quark-Gluon-Plasma,
which has been confirmed by lattice QCD calculations [Dan01, FH11, AEF+06].

In fact, this phase diagram is the outcome of the nuclear equation of state (EOS) imple-
mented in the theory model, which for example connects parameters such as temperature
T , pressure p and baryon density ρ with each other (p(ρ,T )). The form of the EOS does not
only depend on the properties of hadron interactions and defines the QCD phase diagram,
but also explains the features of the early Universe (t & 1 µs after the Big Bang), of
supernovae explosions and of the stability of neutron stars [Dan01]. Therefore, the nuclear
EOS connects different fields of physics putting their results into a global context. However,
a lot of different EOS are on the market varying in their assumptions and so experimental
input is in demand to constrain the EOS.

The EOS of the hadronic matter is rather well understood at normal nuclear density
(ρ0 = 0.16 fm−3). At higher densities the properties are not so clear anymore, but can be
experimentally investigated through heavy ion reactions, for example via the K+ yields
measured at subthreshold energies in C+C and Au+Au collisions as it was done by the
KAOS Collaboration in the beam energy range of 0.8 to 1.5 GeV per incoming nucleon
[S+01]. Thereby, the correlation between the production mechanism of the kaons and the
density reached in the heavy ion collision, which is dependent on the nuclear EOS, was
exploited. This direct connection comes from the fact that the K+ at subthreshold energies
can only be formed by secondary processes (e.g. π +N → K+ + Λ), which probabilities
enhance with increasing baryon densities [Fuc06, S+01]. In that study a rather soft EOS
(high compressibility of the nuclear matter) was found to be compatible with the data in
the studied density regions. Further heavy ion experiments probing the low temperature
and high density sector (1-3ρ0) of the QCD phase diagram were carried out by the FOPI
[Lei13] and the HADES Collaboration [Gal14], both located at the GSI Helmholtzzentrum
für Schwerionenforschung (Darmstadt, Germany) and provided by the SIS18 synchrotron
(1-2 AGeV). In couple of years a new facility, namely FAIR (Facility for Antiproton
and Ion Research) with SIS100 and SIS300, will be available and allow measurements
of the dense nuclear matter at higher temperatures as indicated in Figure 1.2. Even
higher temperatures but less dense matter were and are studied at RHIC, the Relativistic
Heavy Ion Collider in Brookhaven (U.S.), within the beam energy scan (BES) program
(√sNN = 7.7, 11.5, 19.6, 27, 39, 62.4, 130 and 200 GeV) with different colliding systems from
U+U to p+p, which is a dedicated program to explore the strong interaction phase diagram
searching for example for the softest point in the EOS equal to the first order transition and
the critical point [Kum13, Sch13, Sah14, O’B13]. By analyzing various observables like the
elliptic flow v2, the chemical freeze out parameters (Tch and µB), particle ratios and others
it was found that at lower energies (√sNN 5 11.5 GeV) the system did not undergo phase
transition [Kum13], whereas at higher energies (√sNN = 11.5 GeV) evidence was seen for
a QGP by studying the anisotropic flow and the nuclear modification factor RAA of the π0

and of the J/Ψ [O’B13]. The region of very high energy densities equivalent to very high
temperatures and nearly zero net baryon density can be studied at the Large Hadron Collider
(LHC) at CERN to test perturbative QCD. Thereby, conditions like in the early Universe
can be reached, where quarks and gluons are supposed to be in the deconfined QGP phase.
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Various probes have been used to carry out this research such as heavy quarks, the formation
of jets and quarkonia (J/Ψ) suppression [DMR09, Mis13, Spo13, Shu14, Sco13, MS86].

Figure 1.3: Relation of the neutron star mass and its radius taken from [DPR+10]. The
colored lines are related to EOS including nucleons in blue, nucleons and exotic matter in
pink and strange quark matter in green. The horizontal bands are mass constraints from
measurements of neutron stars.

Not only is it possible to constrain the nuclear EOS by accelerator experiments but also
by astrophysical observables like the neutron star. These extremely dense objects with
densities of several times normal nuclear density (5-6ρ0 [SB08]) are not yet understood in
detail including the possible composition of the inner core of a neutron star. A variety
of EOS were discussed in the past years, which incorporate different assumptions on the
interior of a neutron star. For example there are theories, that only consider nucleons,
but also such, that operate with strange quark matter or exotic matter. Interesting for
this work is the idea of a kaon condensate as one of the ingredients of the inner core next
to protons, which are needed to neutralize the charge of the K− mesons [LLB97], as it
was already suggested by Kaplan and Nelson in 1986 [KN86, NK87]. Since then many
investigations were driven in that direction. Thereby, a kaon condensate could form first of
all due to the attractive K− potential to nucleons increasing with density and secondly,
when the kaon chemical potential µK becomes equal to the electron and nucleon chemical
potentials (µK = µe = µp + µn) via the reactions n ↔ p + e− + ν̄e and n ↔ p + K−.
Depending on the model parameters, this situation typically sets in at a density of ≈2-4ρ0
[LLB97, KK99, EKP95]. However, this hypothesis has begun to totter, since the EOS
would be considerably softened and thus might not match the high mass neutron stars
anymore, which have been recently discovered (1.97±0.04 M� [DPR+10], 2.01±0.04 M�
[AFW+13]). A bunch of EOS predicting a certain neutron star mass to radius relation
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are plotted in Figure 1.3, in which the blue lines correspond to the theories using only
nucleons, the pink lines to models with nucleons and exotic matter including hyperons
and kaon condensates and the green lines to those with strange quark matter. The gray
regions are forbidden due to various theoretical or observational limitations as the speed
of light and others. Only those EOS crossing the horizontal bands, which indicate the
mass measurements of neutron stars, in the white area are verified. That is not the case
for the two shown models, which include exotic matter (GS1 and GM3). Nevertheless,
some theoreticians claim that a soft EOS as measured in heavy ion reactions at 1-3ρ0
might become stiff at higher densities and by that allow the involvement of strangeness
at lower densities [SB08, WCSB12]. Also other concepts exist trying to bring together
heavy ion measurements, theoretical calculations and the constraints by the observation
of heavy neutron stars [MCS13, GA12]. However, for a more conclusive picture further
investigations have to be made experimentally on the strange sector to understand better
in-medium effects and the resulting modifications of hyperon and kaon interactions, which
can be exhibited in theoretical models.

1.3 The Generation of Hadron Masses

,

K

3

pn

, 3

Figure 1.4: The octet of the pseudoscalar mesons with JP = 0− (left) and the baryon octet
with JP = 1/2+ (right) taken from [Wik14].

Thinking of the masses of the quarks one notices that they are very small compared to
hadron masses. A proton of about 938 MeV/c2 for instance consists of one d-quark of
only 4.8 MeV/c2 and two u-quarks with each only 2.3 MeV/c2 [O+14]. Thereby, one has
to mention that the quark masses themselves and also those of the other fermions and
of the gauge bosons W+, W− and Z0 can be explained in the context of the recently
discovered Higgs boson [A+12a, C+12] and the so-called Higgs mechanism incorporated
in the standard model [Daw94]. The rest of the hadron mass can be derived for example
in the framework of the chiral perturbation theory (ChPT), which is an effective field
theory of QCD with the hadrons treated as the relevant degrees of freedom. A simple
perturbation theory is not applicable in these low-energy regimes due to the large strong
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coupling constant αs. Besides the local SU(3)color symmetry, the ChPT exhibits other
global symmetries like the U(1) symmetry, that yields the conservation of baryon numbers
[Sch03]. The basic symmetry in ChPT is, however, the symmetry of SU(3)L x SU(3)R in
the chiral limit, when the quark masses (u, d and s) go to zero, and is responsible for the
conservation of the handedness (= chirality) of left- and right-handed hadrons in strong
interaction processes. This symmetry is spontaneously broken and dynamically generates
the eight massless Nambu-Goldstone bosons [Nam09], which are associated to the octet of
pseudoscalar mesons (K, π, η) depicted in Figure 1.4 on the left, and leads to an absence
of parity doublets [RW00]. The finite masses of the hadrons and their divergency originate
in a so-called explicit symmetry breaking of the chirality on the quantum level, when
loops are taken into account, and thus is a consequence of the finite masses of the quarks
[Sch03, Bor05].

Figure 1.5: Expectation value of the chiral condensate plotted against temperature T and
nuclear density ρ as calculated with the Nambu-Jona-Lasinio model [KLW90]. Indicated are
the experimentally accessible regions by various accelerators. Figure taken from [Dah08].

Through the Gell-Mann–Oakes–Renner relation (GOR) for the pion case [GMOR68, Koc95]:

m2
πf

2
π = −mu +md

2 〈0|ūu+ d̄d|0〉 (1.2)

with

mπ : mass of the pion
fπ : pion decay constant

mu and md : masses of the current quarks u and d
〈0|ūu+ d̄d|0〉 : quark condensate

one can find the connection of the pion mass, the pion decay constant fπ and the quark
condensate 〈qq̄〉, where the latter two can be seen as the order parameters of the spontaneous
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symmetry breakdown. However, only few model independent calculations are available for
the in-medium changes of fπ [F+11]. More widely-used is the scalar quark condensate 〈qq̄〉,
which has a non-vanishing vacuum expectation value and thus implies the presence of a
spontaneous broken symmetry. The quark condensate or chiral condensate decreases with
growing temperature and density, which is often related to a restoration of chiral symmetry
and a significant change of hadron mass spectra [BR91, RW00, Fuc06]. Nevertheless, one
has to keep in mind that although a vanished quark condensate is a necessary requirement
for a restored chiral symmetry, at the same time chiral symmetry can still be partially
broken [F+11, Bir96]. The development of this expectation value with temperature and
nuclear density was for example calculated with the Nambu-Jona-Lasinio model [KLW90]
and is illustrated in Figure 1.5. The experimentally accessible regions by the various
accelerators are depicted as well and so one can find that already at SIS18 energies the
quark condensate has dropped by up to 80% leading to the presence of modified hadron
properties.

1.4 In-Medium Modification of Kaons

Since the presented work deals mainly with kaon production, this section is focused on the
in-medium properties of these Goldstone bosons. As explained above, their mass of around
500 MeV/c2 is generated through the explicit breaking of the chiral symmetry. In the
vacuum these mesons are degenerated and differ only in their strangeness content, whereby
kaons have S = 1 and anti-kaons S = −1. In nuclear matter kaons split into K+ and
K0 and anti-kaons into K− and K̄0 and therefore are additionally distinguishable through
their charge, isospin and mass [Fuc06].

The interaction of kaons with the nuclear medium can be treated in the framework of the
ChPT, which was first performed by Kaplan and Nelson [KN86, NK87]. As mentioned
above, the degrees of freedom in the chiral Lagrangian are not anymore the fermions, but
the baryon octet and the pseudoscalar meson octet depicted in Figure 1.4. For the study
of kaon properties, this Lagrangian can be reduced to an effective chiral kaon-nucleon
Lagrangian [Fuc06, HOL+12, LLB97], which reads as follows:

L = N̄(iγµ∂µ −mN)N + ∂µK̄∂µK −
(
m2
K −

ΣKN

f 2
π

N̄N

)
K̄K

− 3i
8f 2

π

N̄γµNK̄
↔
∂µK (1.3)

with

N and K : nucleon and kaon field
mN and mK : nucleon and kaon mass

ΣKN : kaon-nucleon sigma term
fπ : pion decay constant
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This Lagrangian includes the Weinberg-Tomozawa term, which is attractive for anti-kaons
and repulsive for kaons, and the scalar interaction, also called Kaplan-Nelson term, which
is equal for the two types of kaons, but depends on the strength of the kaon-nucleon sigma
term ΣKN . The latter term ΣKN , that is related to the strangeness content of the nucleon,
is, however, only loosely fixed and can vary within 300 MeV and 450 MeV depending on
the calculation model. By applying the above Lagrangian in the mean field approximation,
it is possible to deduce the kaon energy in the medium [Fuc06, HOL+12, LLB97]:

E(~k,ρN) =
m2

K + ~k2 − ΣKN

f 2
K

ρS +
(

3
8
ρN
f 2
K

)2
1/2

± 3
8
ρN
f 2
K

(1.4)

with

mK : kaon mass
~k : three-momentum of the kaon

ΣKN : kaon-nucleon sigma term
fk : kaon decay constant

ρS and ρN : scalar and nuclear density
Here, the upper sign in front of the last term is related to kaons, whereas the lower negative
sign to anti-kaons. As mentioned above, this so-called Weinberg-Tomozawa term is the
origin for the opposite behavior of kaons and anti-kaons in medium. As a consequence of
the repulsive or attractive kaon-nucleon (KN) potential the effective energy of the kaon
or anti-kaon increases or decreases, which can be interpreted as a mass shift either to
higher masses or to lower masses, respectively. For this very reason Kaplan and Nelson
[KN86, NK87] came up with the idea of a possible kaon condensate within very dense objects
like neutron stars. Due to the dropping anti-kaon mass with increasing nuclear density
K− production processes as described in Section 1.2 can occur, to form such compositions.
However, neither are the in-medium properties of anti-kaons nor the ones for kaons settled
to prove or disprove such scenarios as can be seen in Figure 1.6, in which a rather wide
band of possible kaon and anti-kaon energies as a function of the normalized density ρ/ρ0
is visible depending on the theoretical model. Even a variation of the kaon-sigma term
influences the dependency of the kaon energy on the nuclear density, which should be
kept in mind. However, several possibilities exist to study the kaon-nucleon interaction
experimentally, of which some are discussed in the next sections.

1.4.1 Anti-Kaons in Matter - Experimental Observables

The study of anti-kaons is a rather complicated story due to various reasons. For instance
anti-kaons, which contain a s-quark, interact via strangeness exchange with the surrounding
nucleons through the process K− + N → Y + π (Y = Λ/Σ) and hence can be absorbed
[SBM97], which has to be understood on top of other phenomena. In addition, the K− yield
is strongly coupled to the K+ production, which is dominantly formed through the reaction
p+ p→ Λ+ p+K+ allowing the generation of K− mesons through the reverse strangeness
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Figure 1.6: The kaon and anti-kaon energies as a function of the nuclear density ρ/ρ0
resulting from various theoretical calculations for a soft EOS (parameter set TM1 according
to [SBM97]). Figure from [SBM97].

exchange reaction using the produced hyperon [FUB+07, Fuc06]. This factor makes it
difficult to extract direct information from K̄ yields and links the study of anti-kaons to the
study of kaons. The main complication, however, is related to the presence of resonances
close to the K̄N interaction threshold (≈ 1432 MeV), which hamper the application of
perturbative approaches. Instead, non- perturbative calculations like the coupled channel
approach have to be employed. One of these resonances is the Λ(1405), which can be
explained as a quasibound state of K̄N and a resonance of Σπ. The other one also lying
close enough to the K̄N threshold is the Σ(1385), which couples to the Λπ resonance.
Detailed studies on these states have been performed in several scattering experiments
and in different production systems, amongst others using the presented data sample
[A+12b, A+13] to retrieve information on the pole mass, yield, line shape and production
dynamics. The description of the experimental results in a conclusive picture is, however,
still a big challenge, that has to be faced by theory, especially in the case of the Λ(1405).

A further method to investigate K̄N interactions is to form kaonic atoms. These objects
can be produced for example with stopped K− in a light target such as hydrogen, which in
particular allows to study K−p interactions, or helium [B+11, BBB+11, IHI+97, IHN+98,
B+05] and probe strong interaction at threshold. Once they are captured by the atom
through the replacement of an orbital electron, the anti-kaon cascades down to the 1s
ground state, while emitting X-rays with specific transition energies. The transition energy
of the ground state and actually also of the higher lying states is then a mixture of the
electromagnetic and the strong interaction. Since the QED part is rather well understood,
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it is possible to obtain the pure information from QCD, which first of all shifts the energy
spectrum relative to the electromagnetic value (e.g. ε1s) and second broadens the energy
state (e.g. Γ1s). With these measured observables one can almost directly obtain the K−p
scattering length aK−p for example through the Deser-Truemann formula [IHN+98], which
is sensitive to the chiral and isospin symmetry breaking in QCD. In the last decade high
precision experiments established a rather solid picture showing that the K̄N interaction
is repulsive at threshold, which corresponds to a negative energy shift of around -200 eV
[Zme08]. This, however, contradicts at first glance the earlier statement of an attractive
anti-kaon nucleon potential and the dropping K− mass with density, but can be explained
by the Λ(1405), which introduces a repulsive contribution to the scattering amplitude at
very low densities [RBW05, SBM97]. As a consequence, a large range of attractive K̄N
potentials were predicted, which range from -200 MeV to -50 MeV at normal nuclear matter
density, depending on the theory and therefore also on the inclusion of the influence by the
Λ(1405) [BEF+14, SBM97].

Another interesting way to learn about the kaon-nucleon interaction is to study kaonic bound
states, of which the simplest and smallest one is a quasibound state of two nucleons and an
anti-kaon (ppK− or nnK̄0). This configuration was predicted by theory because of the strong
attractive K̄N potential allowing the K− to act like a glue between the nucleons and was
intensively searched for by several experiments. However, the situation for experimentalists
is quite complicated, since a rather wide range of binding energies (BEppK− = 16−100 MeV)
and widths (ΓppK− = 20 − 100 MeV) were obtained for this kaonic cluster in different
theories using for example a phenomenological Ansatz [AY02, YA02], variational calculations
[DHW09, DHW08] or other approaches. A summary of the theories and their predictions
can be found in [Mün14]. Under these conditions some experiments have claimed to have
observed the ppK−, for example using absorbed K− mesons in very thin nuclear targets
measured by the FINUDA Collaboration (BEppK− =115+6

−5(stat)+3
−4(syst) MeV, ΓppK− =

67+14
−11(stat)+2

−3(syst) MeV) [A+05] or from the DISTO Collaboration, which have searched
for the kaonic bound state in the reaction p + p → Λ + p + K+ at 2.85 GeV assuming
the decay of the ppK− into a pΛ-pair (BEppK− = 103±3(stat)±5(syst) MeV, ΓppK− =
118±8(stat)±10(syst) MeV) [YMK+10]. Others did not find a signal for this state, but were
able to set an upper limit for its production in the particular collision systems partially using
modern techniques like the Partial Wave Analysis (PWA) to take into account interference
effects [A+15, T+14]. Overall, no clear evidence and consistent picture was obtained by the
experiments, which is why the issue of the kaonic bound states remains as a hot topic in
the strangeness physics.

1.4.2 Kaons in Matter - Experimental Observables

The situation for kaons (K+ and K0) is a lot easier than for anti-kaons, since they cannot
be absorbed due to strangeness conservation. That means that the kaon, which contains an
s̄-quark, cannot turn for example into a hyperon via strangeness exchange like an anti-kaon.
Furthermore, no resonance states are located in the vicinity of the KN interaction threshold
allowing the usage of perturbative calculations. Thus, a rather clear picture is delivered by
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theory on the behavior of kaons in matter, which for instance all agree on a KN potential,
which stays repulsive over the whole density range, in the order of Uopt = 20− 40 MeV at
normal nuclear matter density [SBM97, BEF+14]. This situation allows to derive direct
information from the study of kaon yields, which are reduced by about 30-50% in the
presence of a repulsive potential depending on the potential magnitude, the system size
and the energy of the reaction. From such studies it was found that the reduction increases
with the system size and with decreasing energy, which is attributed to the influence of the
repulsive in-medium potential [Fuc06, FUB+07].

Moreover, observables on the kaon production dynamics can offer further insight into the
properties of KN interactions. For example, the same reduction of the kaon yield was
found by comparing the rapidity density distributions in Ni+Ni and Ar+KCl to transport
calculations and the suggestion by theory was confirmed that the impact of the repulsive
potential is most pronounced at mid-rapidity [Fuc06, A+10, M+00, B+97]. This effect
was explained by the fact that kaons are produced close to threshold, while subthreshold
particles are generated mainly around mid-rapidity.

Figure 1.7: Pt distribution of K0
S at mid-rapidity measured with HADES in Ar+KCl at

1.756 AGeV (black triangles) taken from [A+10]. The colored curves correspond to IQMD
simulations with different values for the parameter α, which directly couples to the strength
of the KN potential.

Furthermore, the investigation of the kaon momentum distribution can help in the un-
derstanding of in-medium effects and is one of the objectives, on which the presented
work focuses on. In-medium interactions are supposed to act especially on low momentum
kaons, which spend more time inside the nucleus and are accelerated by the repulsive
KN potential. This leads on average to a shifted momentum distribution towards higher
values and involves the suppression of kaons with low momenta. Several experiments have
exploited this feature. One of them is the measurement of the transverse momentum of
K0
S mesons as a function of rapidity in the heavy ion reaction Ar+KCl at 1.756 AGeV

beam energy [A+10] shown in Figure 1.7. By studying the neutral kaon no Coulomb effects
needed to be taken into account, which somewhat simplified the situation. Furthermore,
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the transverse component of the momentum was supposed to be more sensitive to eventual
in-medium forces, since the boost introduced by the beam should only appear in the
longitudinal term. The resulting pt spectrum at mid-rapidity (Fig. 1.7) was compared to
the transport calculation IQMD, which incorporated a linear Ansatz for the effective mass
m∗ = mρ + U(α)ρ/ρ0 with U(α) ' U0 + U ′α (U0≈0.8 MeV, U ′≈38 MeV). The plot shows
the measured data (black triangles) with a set of IQMD simulations (colored curves), which
differ in the α parameter and hence in the potential strength. First of all, one can see that
the yield is reduced due to the repulsion and second, also the shift to higher momenta is
visible. Ultimately, the magnitude of the KN potential was found to be about 40 MeV.

Figure 1.8: Ratio of the K0 yield in Pb to C as a function of the total momentum in
pion-induced reactions at 1.15 GeV/c measured with FOPI (blue squares). The pink circles
depict the ratio of the K+ cross section in Au to C in proton-induced reactions at 2.3 GeV with
ANKE [B+04]. Overlaid are curves from HSD calculations with four different assumptions on
the magnitude of the KN potential. Figure taken from [B+09].

Already previous experiments by the FOPI and the ANKE Collaborations have made
use of kaon momentum spectra to retrieve information on the KN potential. In these
measurements elementary reactions (π−- [B+09] and p-induced [B+04]) on targets of different
sizes (Pb and C) were investigated. Thereby, a more intense in-medium modification is
expected from the Pb reaction due to the higher density of the system. By building the
ratio of the measured yields in Pb and C as a function of momentum one obtains then a
suppression of the ratio at low momenta, which was indeed observed in the experiments (Fig.
1.8). The blue squares in this figure correspond to the K0 data from π−+A reactions and the
pink circles to K+ measurements in p+A collisions. The difference between the two ratios
can be attributed to the influence of Coulomb interaction, which shifts the K+ distribution
to higher values. The K0 data was compared to the HSD transport calculation, which
also includes a linear dependence of the KN potential on the nuclear density. The model
demonstrates that the absence of potential effects would not lead to any suppression of the
momentum ratio shown as black solid line, whereas its presence does (dashed and dotted
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curves). Ultimately, a repulsive KN potential of 20±5 MeV was found to fit the data in
the best way. A similar value (UKN = 20±3 MeV) was obtained from the K+ study in
p+A reactions using CBUU transport calculations. These values, however, disagree with
the results determined in Ar+KCl collisions. Hence, a re-measurement of this observable
and a deeper understanding of the kaon-nucleon/nucleus interaction starting from kaon
production in p+p reactions is required and is addressed in this work.

1.5 The Role of Baryon Resonances in the Study of
Kaons

Especially in the low energy regime kaon production is strongly coupled to resonance
formation, which should be taken into account in the discussion of kaon physics. The easiest
way to produce kaons in baryon induced reactions is through the channel B+B → B+Y +K.
In this notation B either stands for a nucleon or a nucleon resonance (N , N∗ or ∆∗) and
Y for a Λ or a Σ hyperon. Therefore, one can find N∗ and ∆∗ resonances, which decay
into Y K-pairs and hence are directly influencing kaon kinematics, as well as the associated
formation of a ∆∗ resonance with the kaon. From theoretical point of view, a precise
knowledge of such elementary cross sections is needed to validate and adjust the models
as it is commonly done for all kinds of transport models [Fuc06, HOL+12], which differ
amongst others in the implemented cross section parametrization. As an example, the
parametrization derived from the resonance model of Tsushima et al. [TST99] is widely used.
Nevertheless, experimental data are not yet described by the model to complete satisfaction.
This topic is addressed in Section 1.6 in more detail. Experimentally, it is not possible to
study directly B +N∗/∆∗ processes due to the very short lifetime of the resonances in the
order of 10−24 s [O+14]. The only way is to derive information through the formation of an
intermediate resonance and its subsequent decay (e.g. p+p→ p+N∗+ → p+Λ+K+). Surely,
the main decay channel of baryon resonances is the breakup into Nπ-pairs. Nevertheless,
the Particle Data Group (PDG) quotes a bunch of N∗s and ∆∗s with strange decays based
on theoretical and as well experimental work [O+14], although their properties (mass, width
and branching ratios into ΛK and ΣK) are still not well known. Indeed, already early
measurements have found evidence of intermediate baryon resonances in p+p reactions,
that produce strangeness in the final states [BCN66, FAG+68]. Also recent studies of the
reactions p+ p→ p+ Λ/Σ0 +K+ have shown the importance of intermediate resonances
[AB+10, A+15, F+13], while the contribution of the resonances seems to be more dominant
in the Λ channel. Here, a description of the data without considering N∗ resonances is
failing, when it comes to the attempt to reproduce Gottfried-Jackson as well as helicity
angles of the reaction [F+13, AB+10]. One has to mention that ∆∗ resonances are not
taken into account in the study of the pΛK-final states, since its decay into a ΛK-pair is
forbidden due to isospin considerations. A further study on the properties of the Σ(1385)+

resonance in p+p reactions using the same data sample as in the presented work also
suggested the need of a considerable baryon resonance contribution [A+12b]. There, the
inclusion of the ∆(2035)++ resonance, which decays into Σ(1385)+K+, into the model
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helped to reproduce the data, if a quite large amount of 33% of the total Σ(1385)+ yield was
assumed to contribute. The role of baryon resonances in p+A and in heavy ion reactions is
crucial as well, especially in the subthreshold kaon production. Besides the possibility to
produce kaons with extra energy originating from the Fermi momentum of the nucleons
inside the nucleus, a ∆ resonance might be created in the first collision and act as an energy
storage for the formation of a kaon through a second collision with another target nucleon
[HOL+12].

As mentioned above, resonances might not only influence the kaon properties through
their decay, but can also affect kaon production kinematics indirectly, if they are produced
associated with the kaon. One of these reactions is the following: p+ p→ Λ+∆++ +K0,
which ends up in the four particle final state Λpπ+K0 due to the quasi instant decay of the
∆(1232)++. Exactly this channel has formerly been studied at different beam momenta
pbeam = 3.65 GeV/c [N+07] and pbeam = 6 GeV/c [K+70]. Thereby, considerable fractions of
the total reaction yield were attributed to the resonant production involving a ∆∗. At the
higher energy even a contribution of an intermediate Σ(1385)+ resonance was found, which
leads to the same four particle final states via its decay into Λ and π+. Thus, these studies
confirm the importance of associated resonance-kaon productions in p+p reactions, which
is also crucial for the understanding of heavy ion and p+A collision systems. Another study
performed with the same data as analyzed in this work has shown that nearly the whole
yield of the Σ±π∓pK+ final states in p+p reactions at 3.5 GeV are generated together with
an intermediate baryon resonance [A+12e]. These resonances can be amongst those, that
have already been mentioned, the Λ(1405), Σ(1385)0 and Λ(1520). Therefore, it could be
assumed that also the K0 production, which is the key aspect in this work, is strongly
influenced by resonance contributions. This topic is addressed in Chapter 4, in which
exclusive K0

S channels were investigated to determine the role of accompanying resonances
at intermediate beam energies.

1.6 Transport Model Calculations

Nowadays microscopic1 transport models are widely-used for the description of all kinds of
nuclear reactions, which include hadron-, photon-, electron- and neutrino-induced reactions
as well as heavy ion reactions. Thereby, many different production mechanisms need to be
taken into account, for example deep inelastic scattering, particle and resonance production
at intermediate energies and string excitation and fragmentation at relativistic energies.
Since these processes are dominated by many-body effects, which develop dynamically, they
need to be described in time-dependent frameworks, in which the particles are simulated
including sequential propagations, collisions and decays. That way, transport models
naturally take care of rescattering processes, production and absorption of the particles.
Such microscopic models are not only appropriate for the interpretation of experimental

1 microscopic models: string, transport, cascade models etc.
macroscopic models: statistical and hydrodynamical models
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data as in the case mentioned above, in which the magnitude of the KN potential was
derived with help of such calculations, but also offer some predictive power. However,
these models are strongly dependent on the input of potential energies, elementary inelastic
cross sections and decay widths. Especially, there are relatively few available experimental
cross sections, if one considers the huge amount of possible hadron-hadron collisions,
that need to be included. In case of the unmeasured cross sections, the models have
then to rely on extrapolations of known processes. That means that every additional
experimental information can help to decrease the number of free parameters in the models
and by that reduce uncertainties of the calculations. This is one of the motivations for
the exclusive study of K0 production channels, which is presented in Chapter 4. Moreover,
experimental data is often used to cross-check and verify transport calculations, which
supports further development of the models. Such cross-checks were carried out in this
work for the inclusive K0 production in p+p reactions (Sec. 3.5), which is important, since
even the modeled strangeness production in p+A and heavy ion reactions is influenced
by the implementation of such elementary collisions. Three different transport models
are focused on in the following, which are cross-checked in the inclusive analysis. These
approaches are the HSD (Hadron String Dynamics) [CB99, GCG98, EC96], the UrQMD
(Ultra-relativistic Quantum Molecular Dynamics) [B+98, BZS+99] and the GiBUU (Gießen
Boltzmann-Uehling-Uhlenbeck) [B+12, WvHM12] models.

Table 1.1: Default transition energies
√
s between the two internal models, hadron/resonance

model and string fragmentation model, for the transport calculations HSD [GCG98], UrQMD
[BZS+99] and GiBUU [WvHM12] separated with respect to the collision type. The “±” sign
in the GiBUU case indicates a transition window, in which the two models are merged linearly
into each other.

baryon-baryon meson-baryon
HSD 2.65 GeV 2.1 GeV
UrQMD 5 GeV 3 GeV
GiBUU 2.6±0.2 GeV 2.2±0.2 GeV

In practice, most of the transport simulations incorporate two different models according
to the covered energy regime. At low and intermediate energies reactions are described in
terms of hadrons or resonances and at higher energies the quarks and gluons become the
degrees of freedom, which are specified by so-called strings. These strings, which interact in
the prehadronic phase, are characterized by the incoming quarks (baryonic strings: qq − q,
mesonic strings: q − q̄), while a tube of color flux is spanned between them. They can be
excited and subsequently fragmented to create new particles through virtual qq̄- and qqq̄q̄-
pairs in the uniform color field. The hadronization of the strings is then supposed to happen
independently. Here, the HSD model incorporates the FRITIOF framework [AGP93]
and both the models UrQMD and GiBUU use the PYTHIA event generator [SMS06],
which in addition includes perturbative QCD effects like multiple minijets. The transport
calculations, furthermore, differ in the treatment of strange hadrons at low energies. In
HSD reaction channels like NN → NYK and πN → NKK̄ are explicitly parametrized
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according to a previous study, in which the HSD model was used to fit experimental data
[CBM+97], other reactions like πN → Y K and π∆→ Y K were embedded with respect to
the parameterizations of a resonance model developed by Tsushima et al. [THF95, THF94].
Also the GiBUU model applies cross section parameterizations in the strangeness sector but
only according to the resonance model of Tsushima et al. [TST99]. In the GiBUU approach,
however, resonances are not explicitly propagated, instead only the final non-resonant
reactions are implemented (when the resonance has decayed). In contrast, resonances
including their decay are explicitly generated in the UrQMD model even in the strangeness
sector. Also in this calculation, cross section parameterizations are implemented based
on simple phase space considerations, while the free parameters are tuned to experiment.
Finally, all the transport approaches take care of a smooth transition between the low
and high energy models, although the change from one model to the other takes place at
different transition energies, which corresponds to the string threshold. In Table 1.1 the
different default thresholds of the models HSD [GCG98], UrQMD [BZS+99] and GiBUU
[WvHM12] are quoted according to the collision type, baryon-baryon or meson-baryon.
Thereby, the GiBUU model features a transition window, in which the two models are
merged linearly into each other to ensure a smooth transition. The string thresholds are
set in the transport models quite similarly assuming that already at rather low energies the
relevant degrees of freedom are the quarks and gluons. The HADES experiment is nicely
suited to validate this assumption, since its operating energy regime lies exactly in this
transition region and so it is also the case for the studied data sample, which was recorded
at
√
s = 3.18 GeV.

The common underlying transport equation implemented in the models is the BUU
(Boltzmann-Uehling-Uhlenbeck) equation (Eq. 1.5). A coupled set of this equation de-
scribes the space-time evolution of a many-particle system through a mean-field potential
including a collision term. Thereby, each particle species is represented by one differential
equation of a single-particle phase space distribution f(~r,~p,t), which can be written in its
non-relativistic form as follows [BDG88]:

df

dt
= ∂f(~r,~p,t)

∂t
+ ~p

m
~∇(r)f(~r,~p,t)− ~∇U(r)~∇(p)f(~r,~p,t) = Icoll (1.5)

with

f(~r,~p,t) : single particle phase space distribution
U(r) : mean field potential
Icoll : collision term

The left hand side of the equation corresponds to the so-called “Vlasov term” and incorpo-
rates the propagation of stable, non-interacting particles under the influence of mean-field
hadronic and electromagnetic potentials. At the right hand side of the BUU equation one
can find the collision term, which includes gain and loss terms according to scattering and
decay processes and the associated hadron production and absorption rates. Usually only
two-body collisions are implemented so that for example an intermediate step needs to be
added to obtain the final three-body reaction (e.g. NN → N∆→ NYK). An exception is
the GiBUU model, from which also three-body collisions are available. Furthermore, Pauli
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blocking is considered in the collision term, which suppresses the collision, if the phase
space is already occupied by another particle. An explicit formulation of that term can be
found in [BDG88].

There are two different strategies to solve the coupled transport equations numerically.
The semi-classical models HSD and GiBUU incorporate the so-called “test-particle” ansatz.
In this approach the continuous phase space distribution f(~r,~p,t) is replaced by a large
number N of test-particles each forming a δ-function in coordinate and momentum space:

f(~r,~p,t)→
N∑
r

δ(~r − ~ri(t))δ(~p− ~pi(t)). (1.6)

Thereby, the assumption is made that the many-body system behaves like a classical fluid
on “macroscopic” space-time scales. This is, furthermore, possible in the quasi-particle limit.
Since the spectral functions of many particles are quite narrow, it is allowed to assume
that the particles are on the energy shell. On the other hand, particles with broad spectral
functions like short-lived mesons, require the solution of the full transport equations and the
consideration of nontrivial energy-momentum dependent spectral functions. The classical
way to solve the transport equations is the implementation of QMD like in UrQMD. This
theory is a many-body theory, which translates the soft part of the effective interaction in
the medium into a classical but density and momentum dependent two-body interaction.
Thereby, quantum effects like Pauli blocking and quantum mechanical scattering must be
supplemented [B+98]. A striking difference to the test-particle ansatz can be identified
in the representation of particles. Here, a nucleon for example is not represented by a
δ-function, but by a coherent state in the form of a Gaussian wave packet formulated in
the following way:

φi(~x; ~qi,~pi,t) =
( 2
Lπ

)3/4
exp

{
− 2
L

(~x− ~qi(t))2 − i~pi(t)~x
}

(1.7)

with

~qi and ~pi : six time-dependent parameters
L : extension of the wave packet in phase space

The nucleus is then represented as the direct product of the single nucleon wave functions:

Φ =
∏
i

φi(~x; ~qi,~pi,t) (1.8)

This ansatz can, therefore, account for particle states of different widths and smooths at
the same time the boundaries of the spectral functions. The collision criterion in this case
is dependent on the total cross section:
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d 5 d0 =
√
σtot
π
, σtot = σ(

√
s, type) (1.9)

with

d : distance between the two particles in their CMS frame
d0 : maximum distance for a collision
σtot : energy and collision type dependent total cross section

According to this criterion, two particles collide, if their distance (e.g. centers of the
Gaussians) drops below a certain d0, which is related to the energy dependent total cross
section of the specific collision type. Thereby, the cross section corresponds to the free
cross section, which is often parametrized from experimental data if available. If the cross
section of a process is not known, isospin symmetry and the principle of detailed balance
are assumed. The detailed balance is based on the time reversibility of a reaction leading
to two assumptions:

1. Each resonance produced via a meson-baryon or meson-meson annihilation may as
well decay again into the two hadron species, which had formed it.

2. The cross section for a baryon-resonance excitation is also valid for its reverse reaction,
which is often not measured.

In the end, experimentalists and theorists are interdependent. The measured data need to be
interpreted by theoretical calculations, on the other hand, the models require experimental
input in terms of potential strengths and cross sections at various energies. These two
sectors are, therefore, bound together and can only develop in parallel.





2 The HADES Experiment

Figure 2.1: The HADES detector setup shown in an exploded view. The beam indicated by
the green line comes from the lower left corner.

The High Acceptance Di-Electron Spectrometer is a fixed target experiment located
at the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany [A+09].
The detector setup operates at the SIS18 (SchwerIonen Synchrotron) accelerator, which
can deliver ion beams with kinetic beam energies in the range of 1-2 AGeV for nucleus-
nucleus reactions. For proton-induced reactions energies up to 3.5 GeV can be achieved.
The experiment was developed such to optimize the study of dilepton pairs, which could
stem from light vector mesons such as ρ, ω or φ. These particles are very suitable
for the investigation of possible in-medium modifications, since their short lifetimes are
comparable to the duration of the compression phase of relativistic heavy ion collisions
at the SIS18 energies and thus usually decay within the nuclear matter. Furthermore,
the electromagnetic e+e−-decay of the vector mesons is not influenced by strong final-
state interactions, which allows an undistorted extraction of the in-medium informations
like the vector meson masses and widths. Recent results from these measurements in
various colliding systems like Ar+KCl, C+C, p+Nb, d+p and p+p can be found in
[Gal14, ABB+14, A+12c, A+12d, A+11, A+08, L+09] and others.

21
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However, the HADES setup is also applicable for the study of hadrons. The excellent
performance of hadron identification has been exploited in several analyses especially in the
field of strangeness physics. And so various topics were addressed regarding for example
the KN potential [A+10] in Ar+KCl collisions, Λ-polarization [A+14b] in p+Nb reactions,
the search for the existence of the kaonic cluster (ppK−) [F+13, A+15], the production of
the Λ(1405) [A+13] and Σ(1385) [A+12b] resonances in p+p reactions and others.

In the following, the description of the HADES detector systems will be found in Section 2.1,
the method applied for particle identification will be explained in Section 2.2, informations
concerning the beam time of the presented p+p data will be available in Section 2.3 and
the simulation tools used in this analysis will be addressed in Section 2.4.

2.1 Detector Systems

The HADES setup is constructed by six identical sectors (Fig. 2.1), which are arranged in
the azimuthal plane such to achieve a coverage as large as possible with around 85%, which
is reduced mainly due to mechanical supporting structures. The polar angle acceptance
ranges from Θ = 18◦ to Θ = 85◦ for single particles. For reconstructed particles decaying
into two particles with opposite charge (e.g. K0

S → π+ + π−) the acceptance is even higher
starting already at Θ = 0◦. The overall momentum resolution integrated over all particle
tracks was determined from the p+p data and found to be ≈4%. A cross section through
the HADES setup shown from the side is depicted in Figure 2.2. The shown detector
components will be explained briefly in the next sections including the Forward Wall, which
is not shown in the figure. A more detailed description of the detectors can be found in
[A+09]. The colored curves indicate possible particle tracks through the detector system,
which are bend more or less by the toroidal magnetic field depending on their charge and
momentum.

2.1.1 The Target

The target for the HADES experiment is positioned in an environment free of magnetic
field, which is important for the study of the light dileptons. This could be accomplished
by using a toroidal magnetic field (see Sec. 2.1.3). Various target materials can be mounted
in the setup, which can be solid materials in form of a single block or segmented into thin
disks to reduce scattering in the target or liquid materials like liquid hydrogen (LH2) for
the study of p+p or d+p reactions.

2.1.2 The RICH Detector

The Ring-Imaging Cherenkov detector is the first detector traversed by the particles after
the collision in the target. It is located still in front of the superconducting magnet and
requires an almost field-free region for the detection of e+e−-pairs. The whole HADES
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Figure 2.2: Cross section of the HADES system illustrated from the side. All detector
systems and the magnet are depicted except the Forward Wall. The colored curves indicate
possible particle tracks through the spectrometer.

acceptance is covered by the RICH detector, which basically consists of two separate gas
volumes. The volume seen by the particles is filled with C4F10 and acts as the radiator
gas with a characteristic Lorentz factor for Cherenkov light of γthresh = 18, which enables
electrons and positrons to produce Cherenkov light, but suppresses Cherenkov light emission
from muons and hadrons at SIS18 energies. In that sense, the RICH detector is hadron-
blind and therefore did not deliver relevant information for the presented K0

S analysis.
Nevertheless, the Cherenkov photons are then reflected by a aluminum coated carbon
mirror through a CaF2 window, which separates the C4F10 gas from the CH4 filled photon
detector volume, and finally hit the CsI photo cathode. To amplify the knocked out photo
electrons six Multi-Wire Proportional Chambers (MWPC) are installed in front of the
readout pad plane. Since the geometry of the RICH detector was designed in a way that
the Cherenkov rings hitting the pad plane have an almost constant diameter, an online ring
search could be implemented for the LVL2 trigger used for dilepton analysis (Sec. 2.1.8).

2.1.3 The Magnet

Charged particles flying through a magnetic field are bend according to the Lorentz force.
By measuring the bending of the particles and knowing their charge from the bending
direction one can directly derive the momentum information. The HADES magnet consists
of six electromagnetic coils, which generate a toroidal field providing a nearly field-free
region around the target and the active volume of the RICH detector. Although the field
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strength required by the magnet is rather low, superconducting magnets were installed
to enable a compact design of the spectrometer keeping the magnetic field low in the
surrounding detector systems (e.g. B≈0.08 T in MDC I). The maximum field is reached in
the forward arc of the coil with 3.6 T at the sector edge and 0.9 T in the midplane between
two adjacent coils.

2.1.4 The Multi-Wire-Drift Chambers

In the closest vicinity of the magnet four planes of Multi-Wire Drift Chambers (MDC I-IV)
were mounted, two upstream of the coils and two downstream. Each of these planes consists
of six identical chambers with trapezoidal shape following the sectioned HADES geometry.
Each chamber is continuously flushed with a helium-based counting gas (He:C4H10 = 60:40)
and is made of six planes of sense/field wires oriented in six different stereo angles, e.g. ±0◦,
±20◦, ±40◦, which allows to maximize spatial resolution (e.g. σx≈140µb). In total about
1100 drift cells are formed by this construction. The particles traversing through the drift
chambers ionize the gas along their trajectory producing electrons amongst ions, which
are multiplied by avalanche effects in the electric field. The electric field causes a drift of
the electrons to the sense wires, where they induce an electric signal that can be read out.
Thereby, a precise measurement of the hit positions in the individual MDC planes can be
obtained. For the Runge-Kutta tracking algorithm the two nearly straight hit points in the
MDC I and MDC II planes are combined to an inner track segment and the hit points in
MDC III and MDC IV to an outer track segment, which is inclined due to the magnetic
field between plane II and III. Together with the precisely known magnetic field map and
eventually the hit points in the META system (see next section), the equation of motion
can be solved in a numeric way and delivers particle track points, the path length and the
momentum with a momentum resolution of 1-4%.

A further information that can be retrieved from the MDCs is the energy loss information
∆E. Since no ADCs were foreseen for the readout, the correlation of the energy loss to the
Time over Threshold (ToT) was exploited. The ToT is the duration in which the electric
signal overshoots an adjusted threshold and is connected to the drift time of a particle
and therefore to its energy loss in the given gas mixture. A rather complicated calibration
procedure to entangle dependencies on the reduced electric field, on the track geometry, on
the drift cell size and others was carried out and is explained in [A+09]. Ultimately, an
energy loss resolution could be obtained in the order of 7% for minimum ionizing particles
and for stronger ionizing particles an even better resolution of around 4% could be achieved.
This feature is a very important information for the hadron analysis, since it can be used
for particle identification as explained in Section 2.2.

2.1.5 The META System

The Multiplicity and Electron Trigger Array (META) consists of the time-of-flight scintil-
lators TOF and TOFino and the electromagnetic shower detector (Pre-Shower). They
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are located behind the MDC plane IV and are mainly used for triggering and particle
identification purposes.

• The TOF detector is sectioned into the usual six trapezoidal shapes and consists in
total of 384 scintillator rods, which are arranged per sector into eight planes with
each eight rods. The polar angle coverage of this time-of-flight detector ranges from
44◦ to 88◦. Particles that fly through the scintillators induce photon emission, which
is detected on both sides of the rods with help of Photo-Multiplier-Tubes (PMTs). In
that way the arrival time of the photons and the signal height are measured, from
which the particle time-of-flight and energy loss information can be determined. Due
to the double sided readout of the scintillator rods, an intrinsic time resolution of
σt≈150 ps can be reached.

• The TOFino detector also follows the six-folded geometry of the HADES setup, but
covers a smaller polar angle range Θ = 18◦ − 45◦. With its four scintillator paddles
per sectors, which are arranged radially with respect to the beam axis, a rather
low granularity is provided by the detector enhancing the double hit probability per
scintillator. The readout is carried out only on one side of the paddle with PMTs,
which results in a worse intrinsic time resolution of σt≈420 ps.

• The Pre-Shower detector is installed right behind the TOFino detector covering
the same azimuthal and polar angles. Each Pre-Shower sector is composed of three
wire chambers filled with an isobutane-based gas mixture, which are separated by
Pb converter plates. Electrons and positrons produce electromagnetic showers in the
Pb plates, when hitting them. Although also hadrons can generate showers, they
will leave different signal characteristics in the detector, so that a separation of the
leptons from hadrons is possible complementing the abilities of the RICH detector.
The high granularity of the Pre-Shower pad readout (942 pads per wire chamber),
which is optimized for a minimal double hit probability in one single pad (below 5%
in Au+Au collisions), compensates the poor position resolution of the TOFino.

Since 2009 major improvements were undertaken to upgrade the HADES setup. In the
course of this upgrade not only the new electronic readout systems were installed, but
also the TOFino detectors were replaced by a Resistive Plate Chambers (RPCs) that
feature a much higher granularity and an intrinsic time resolution of ≈66 ps on average
[AP+04, BFG+13]. These improvements were necessary for the operation at the future
Facility for Antiproton and Ion Research (FAIR). The functionality of the upgraded system
has been proven in 2012 during a Au+Au beam time at 1.25 AGeV.

2.1.6 The Beam Detectors

Beam detectors in the HADES setup are used for various purposes like beam monitoring,
beam-profile, time structure analysis and for the time-of-flight measurement by delivering
the start time. In pion-induced experiments they are also exploited to measure the
momentum of the incoming pions, as the pion beam is a so called secondary beam. In heavy
ion reactions the common material employed for the START detector is polycrystalline



26 2 The HADES Experiment

diamond, which show high-rate capability, radiation hardness, a fast signal collecting time
and low noise with a time resolution of about 30 ps. However, these diamond detectors
positioned in front of the target cannot be used for light projectiles like pions, protons or
deuterons, since the deposited energy is too small. In addition, it is not possible to run
a start detector for high intensity proton beams (= 107 particles/s) due to the induced
background, which would hinder the stable operation of the RICH detector.

2.1.7 The Forward Wall

The deuteron beam time in 2007 required the possibility to detect the spectator protons,
which is why an additional detector was build to cover very forward angles. Therefore, the
Forward hodoscope Wall (FW) located 7 m downstream from the target has an acceptance
in Θ of 0.33◦ − 7.17◦ and a full azimuthal coverage. It consists of about 300 scintillator
modules each with a thickness of 2.54 cm read out by individual PMTs providing sensitivity
on the hit position. The time resolution is in the order of 500 ps [K+11, L+09]. Since
no other detectors are overlapping with the acceptance of the FW, no information can
be deduced on the particle momentum. However, the FW was successfully commissioned
in the p+p beam time at 3.5 GeV and indeed could deliver additional information in the
analysis shown in [EF12]. Furthermore, it allows to reconstruct the event reaction plane in
heavy ion reactions (e.g. Au+Au), which can be used to study flow observables.

2.1.8 Trigger and DAQ

To reduce the dead time of the Data Acquisition (DAQ) an efficient trigger logic has to
be implemented, which does not introduce a bias on the recorded physics data, but at
the same time decrease the probability to collect fake data from electronic noise. For the
dilepton studies a multi-step trigger process is applied leading to the two trigger levels,
level-1 (LVL1) and level-2 (LVL2), which are distributed via a Central Trigger Unit (CTU)
to the individual subsystems:

• The digital LVL1 trigger generated by the CTU depends on the input settings
such as multiplicity trigger, minimum bias or calibration trigger. With help of the
multiplicity trigger, which requires more than one hit in the META system (e.g. = 3
in p+p @ 3.5 GeV), inelastic reactions are enhanced in the recorded data sample. The
multiplicity trigger can also be used to select certain centralities in heavy ion reactions.
However, to further reduce the number of events written to disk a downscaling factor
can be implemented, if necessary. The LVL1 trigger signal is transmitted to the
sub-detectors within 500-600 ns, which means that the HADES trigger system is not
dead time free. Nevertheless, it ensures that only complete events are recorded.

• The LVL2 trigger decision is essential for the dilepton study, since the algorithm
is programmed to select events with electron candidates. The search for electron
candidates is based on the electron signatures in the data provided by relevant
detectors: Cherenkov rings in the RICH, fast particles in the TOF or electromagnetic
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shower in the Pre-Shower. The informations are combined and depending on the
trigger decision, the event is stored into a separate memory.

If the trigger decisions are positive, the informations are send to the Event Builder (EB),
then the data are combined into complete events and finally saved to disk. For hadron
analysis and also to study the LVL2 trigger algorithm, additionally events passing only the
LVL1 trigger are stored with a certain downscaling factor.

2.2 Particle Identification

The HADES detector setup allows for particle identification either via energy loss or
via time-of-flight measurements in combination with the determination of the particle’s
momentum. The energy loss (dE/dx) information can be extracted from the multi-wire drift
chambers (MDCs), from the TOF or the TOFINO detectors. This particle identification
method exploits the effect as predicted by Bethe-Bloch [Bet30]. The Bethe-Bloch-formula
can be written as follows:

−
〈
dE

dx

〉
= 4πNAr

2
emec

2z2Z
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1
β2

[
1
2 ln

(
2mec

2β2γ2Tmax
I2

)
− β2 − δ

2

]
(2.1)

with

z : charge of the incident particle
Z,A : atomic and mass number of the traversed medium
me : mass of the electron
re : Bohr electron radius
NA : Avogadro number
I : mean excitation potential of the material
δ : density correction

The maximal transferred kinetic energy Tmax is limited to:

Tmax = 2mec
2β2γ2

1 + 2γme/M + (me/M)2 (2.2)

with

M : mass of the incident particle

If the mass of the incident particle has a much larger mass than the electron (M � me), its
energy loss in a certain medium defined by Z,A and I only depends on its velocity β and
its charge z · e. Since the velocity is related to the momentum and the mass via p = cβγm,
the energy loss as a function of the momentum is specific for each particle type.
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The theoretical Bethe-Bloch curves are plotted in the MDC dE/dx distributions (Fig. 2.3)
as a function of the momentum for various particles, in which one can see a clear separation
of the π+ from the protons up to a momentum of 1000 MeV/c for experimental data (panel
(a)). Graphical two-dimensional cuts were used to assign the tracks with a PID (particle ID).
In this work only the dE/dx information of the MDCs were used, as the dE/dx distribution
from the TOFino only allows for a separation of the π+ from the protons below 500 MeV/c
(see Appendix A.1, panel (b)). The energy loss distribution from the TOF detectors does
not deliver more information, but rather show a contamination of the few hundred MeV/c
momentum pions by stopped protons (Appendix A.1, panel (a)).
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Figure 2.3: Energy loss dE/dx in the MDCs as a function of the momentum times charge
of the track. Panel (a) shows the experimental distribution and panel (b) the simulated
Pluto/Monte Carlo cocktail made of 13 different reactions containing a K0

S in the final state.
The white dashed lines indicate the specific energy loss functions according to Bethe-Bloch
(Eq. 2.1). The black lines correspond to the applied π+ and π− graphical cuts.

For later efficiency corrections, simulated data were analyzed the same way as the exper-
imental data, meaning that also the particle identification was performed as described.
However, the selection efficiency of the graphical cuts needed to be equal for simulated
and experimental data. By default the application of the same energy loss cuts to the
simulations did not meet this requirement. The reason for that is that the energy loss
resolution as a function of the momentum is not implemented correctly for simulations.
As demonstrated in Figure 2.3 the simulated resolution is better than the experimental
one, where a wider spread of the data is visible with respect to the theoretical Bethe-Bloch
curves. (The simulation contains a cocktail of different reactions with a K0 in the final
state. More details can be found in Section 2.4.) Therefore, a procedure was developed to
modify the experimental energy loss cut such to guarantee the same selection efficiency.
In this procedure the energy loss distributions were sliced in 18 MeV/c momentum bins
and projected onto the energy loss axis. By a Landau fit of these projected spectra the
width and the mean of the experimental and the simulated data were obtained, so that the
graphical cut for the simulations could be adjusted according to the differences in width and
mean per momentum bin. As a result the graphical cut was narrowed, since the simulated
resolution is better. This is also visible in Figure 2.3 for positive and negative pions.
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Figure 2.4: Track selection efficiency of the two-dimensional graphical cuts on the MDC
dE/dx for experimental data and simulation. Panel (a) shows the efficiency for π− and panel
(b) the corresponding plot for π+.
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Figure 2.5: Relative difference of the track selection efficiency (Figure 2.4) between experi-
ment and simulation for π− (panel (a)) and π+ (panel (b)).

To verify this PID cut moving procedure, a simple check was performed, in which the
selection efficiencies for pions were determined. For this purpose, a preselection of the
particle species was applied making use of the TOF dE/dx information. The MDC dE/dx
distribution of the remaining tracks is illustrated in Appendix A.2. The selection efficiency
η for a specific particle species was then obtained for momentum slices of 117 MeV/c,
which was defined as follows: η(p) = NAll(p)/NInCut(p). Here, NAll(p) corresponds to the
number of counts in a certain momentum bin, whereas NInCut(p) stands for the number
of counts lying inside the PID cut of the same momentum region. In the ideal case the
selection efficiency for simulated data should not differ from the one of experimental data.
An absolute comparison for π+ and π− is depicted in Figure 2.4. A more meaningful
presentation is shown in Figure 2.5, where the relative differences of the efficiencies are



30 2 The HADES Experiment

plotted. Both for the π+ and for the π− the relative difference stays well below 15%, which
is sufficient, but also shows the limitation of this method.

2.3 The p+p Beam Time

In the current work an analysis was performed on data of p+p reactions at a kinetic beam
energy of 3.5 GeV (

√
s = 3.176 GeV), which were collected in April 2007. The proton beam

with an average intensity of 1 · 107 particles/s was impinging on a cylindric target cell,
which was filled with liquid hydrogen. The dimensions of the target cell were 15 mm in
diameter and 44 mm in length. This corresponds to the total interaction probability of
0.7%. All detector systems of HADES as described in Section 2.1 were running except for
the start detector and the recently installed RPCs. With this configuration around 1.14 ·109

minimum bias events were recorded. Such events were detected with a LVL1 trigger, that
required at least three hits inside the META system. Furthermore, a downscaling factor
of three was used meaning that only every third LVL1 event was written to tape. The
missing start detector during this beam time did not allow for the direct measurement of a
particle’s time of flight, which could be used for particle identification. Also it complicates
the determination of the beam position on the target cell. As a consequence, a dedicated
primary vertex calculation was developed and studies on possible shifts of the beam spot
in the x-y plane (z-direction corresponds to beam direction) had to be carried out.

2.3.1 Primary Vertex Calculation

The calculation of the position of the primary vertex is necessary to find out, whether the
beam spot has moved and if yes, how much it has moved during the beam time. This
information is again needed for a more precise calculation of the primary vertex of events
including particles, which are reconstructed via its decay particles. For the first application
all tracks originating from the primary vertex were intersected with each other and the
average coordinates of the intersections were assigned to the primary vertex position. Note
that here and further on, the point of closest approach between two tracks is meant as
intersection points. Thereby, those tracks were defined as primaries, that cross the target
region, which is defined as a cubic volume around the target cell with the dimensions
15× 15× 90 mm3. Furthermore, only events with at least three primary tracks were used
in this approach, so that no information of the actual beam position was needed. The so
determined primary vertex distribution is visible in Figure 2.6.

For the second application, in which the primary vertex of an event was calculated for an
analysis of short lived particles (here K0

S), the procedure was slightly different. First a
K0
S candidate was reconstructed from its charged decay pions (π+ and π−) and its track

was supposed to traverse the target region as described above. This reconstructed track
and the remaining primary tracks were then intersected with each other, without using the
decay particles again. As explained before, the average coordinates of the intersections were
then treated as the primary vertex. In the case, in which no other primary tracks than the
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Figure 2.6: Primary vertex distributions in the x-y- (panel (a)) and in the x-z-plane (panel
(b)) for events with at least three tracks crossing a predefined target region.

reconstructed K0
S was present in the event, the reconstructed K0

S track was intersected with
the corrected beam axis (more details in Sec. 2.3.2) and this intersection point was stored
as the primary vertex. The primary vertex distribution of events containing K0

S candidates
is visible in Figure 2.7. Spot-like maxima are observed in the x-y-plane and horizontal
stripes along the z-axis, which are due to events with only two tracks or one reconstructed
primary track, respectively. The precise knowledge of the primary vertex position was
especially important for this analysis, as off-vertex cuts needed to be applied to distinguish
between particles originating from the primary or the decay/secondary vertex. Details
about applied off-vertex cuts are explained in Section 3.1.1.
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Figure 2.7: Primary vertex distributions in the x-y- (panel (a)) and in the x-z-plane (panel
(b)) for events containing K0

S candidates. The primary vertex was calculated with the shifted
beam axis (see Section 2.3.2).
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2.3.2 Beam Shift Studies
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Figure 2.8: Primary vertex distribution in the x-y-plane for events with at least three tracks
in a predefined target region shown for data taken on the calendar day 107 (panel (a)) and
122 (panel (b)).

As already mentioned, a possible shift of the beam spot on the target cell during the
p+p beam time had to be quantified, because this information is needed for the primary
vertex calculation involving decaying particles. A shift of the beam spot could have been
introduced for example during beam tunings. Indeed, when plotting the primary vertex
as discussed above integrated over the full beam time, one can see an oval, eccentric
distribution in the x-y-plane (Fig. 2.6, panel (a)). It was found that a correction of the
beam axis could be applied in time intervals of one day, except for one day, during which
the beam was tuned leading to a considerable shift. As an example, Figure 2.8 shows
the primary vertex distributions for two different beam days, in which a shift in x and y
are clearly observed. This shift was quantified by fitting the x and y projections of the
distribution with a Gaussian function. Figures 2.9 and 2.10 depict the mean values per day
(half day), whereas the standard deviations from the fit are plotted as error bars from the
mean. Slight changes but also jumps in the order of 3− 4 mm of the mean are seen, which
needed to be corrected, whereas the primary vertex resolution stays rather constant. In the
beam/z-direction no shift was seen, which could have been caused by moving the target
cell. Therefore, no correction was necessary in this dimension.
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Figure 2.9: Gaussian mean of the primary vertex distribution along x for events with at
least three tracks in a predefined target region per calendar day (half day). The error bars
illustrate the Gaussian standard deviations.
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Figure 2.10: Gaussian mean of the primary vertex distribution along y for events with at
least three tracks in a predefined target region per calendar day (half day). The error bars
illustrate the Gaussian standard deviations.
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2.3.3 Absolute Normalization

The results obtained in this work were absolutely normalized with help of the study of
elastic p+p scattering in the same data set [Rus10]. Thereby, it was assumed that the ratio
of measured elastic yield corrected for acceptance and efficiency to the elastic cross section
will behave the same as for any other observable like in this case the K0

S . With this, a
factor F exp

norm could be applied to obtain cross sections from the measured K0
S yield NK0

S

taking into account the mixing of the K0 (50% K0
S, 50% K0

L):

σK
0

exp = 2 · σK0
S

exp = NK0
S
· F exp

norm, (2.3)

where the normalization factor F exp
norm is defined as

F exp
norm = (N

acc
el

σaccel

·
N files
exp

N files
el

· Cacc·eff
el )−1, (2.4)

with

Nacc
el : number of elastic events in the HADES acceptance
σaccel : elastic cross section in the HADES acceptance

N files
exp : number of analyzed files

N files
el : number of analyzed files in the study of elastics

Cacc·eff
el : acceptance and efficiency correction factor for elastic events

The numbers for the elastic parameters, which were obtained by a separate analysis [Rus10],
and the number of files used in this analysis are summarized in Table 2.1 given that the
number of events per file is constant. From the acceptance and efficiency correction of the
elastic yield 7% of systematical uncertainties were found, which have to be considered in
addition to the uncertainties determined in this work, when normalizing the data.

Table 2.1: Parameters for the absolute normalization of the HADES p+p data at 3.5 GeV
kinetic beam energy. The numbers for the elastic events were determined in a separate analysis
[Rus10].

Nacc
el σaccel [mb] N files

exp N files
el Cacc·eff

el

2.321 · 107 0.16 12164 10417 1.6

2.4 Simulations

Apart from the transport models, that are also considered as simulations, but which have
been already introduced in Section 1.6, this section will concentrate on the Monte Carlo
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simulations generated with help of the Pluto event generator [F+07]. In general simulations
are of great importance not only for the interpretation of the results, but they can also be
used for the correction of the data to compensate losses due to limited detector acceptance
and inefficiencies of the detector machinery, tracking algorithm and analysis procedure.
The tools to perform these simulations are described in the next Section 2.4.1 and the
simulated cocktail of reactions with a K0

S in the final state for the mentioned acceptance
and efficiency correction can be found in Section 2.4.2, which by the way allows to compare
the data to different models and results of other experiments.

2.4.1 Simulation Tools

In the following the tools used to perform a full-scale simulation, which means the full
chain of creating the simulation, processing it through HGeant, SimDST and the analysis,
will be explained, which allows to correct the data for acceptance and efficiency effects.
Thereby, the last two points obviously depend on the individual analyses applied for the
experimental data and thus are discussed in the corresponding chapters 3 and 4.

2.4.1.1 Pluto Event Generator

The Pluto framework is an event generator based on the Monte-Carlo algorithm and was
designed for hadronic interactions at SIS and FAIR energy regimes (from pion production
threshold to a few GeV per nucleon) [F+07, FGH+10]. The software package allows to
simulate reactions according to build-in models, for example thermal models for heavy
ion collisions, but it facilitates also the configuration of multi-reaction cocktails added up
to an incoherent sum. The last option was deployed in this work to model elementary
p+p reactions. Thereby, several parameters are adjustable by the user, which are amongst
others individual cross sections, decay branching ratios and angular distribution models.
Furthermore, the Pluto event generator offers the possibility to add particles and resonances
with their properties (mass, width, decay) into the data base, if missing (e.g. K∗(892)).
The resonances included in Pluto such as ρ, ∆, N∗ and ∆∗ are described by a relativistic
form of the Breit-Wigner distribution with a mass-dependent width:

g(m) = A
m2Γ tot(m)

(M2
R −m2)2 +m2(Γ tot(m))2 (2.5)

with

m : running unstable mass
MR : static pole mass of the resonance

The mass-dependent width of the resonance is, thereby, calculated from the partial widths
of each decay mode:
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Γ tot(m) =
N∑
k

Γ k(m) (2.6)

with

Γ tot(m) : mass-dependent width of the resonance
Γ k(m) : partial widths of the resonance

N : number of decay modes
According to the user settings events are then generated with particles produced in the
available phase space volume. Finally, the output of the Pluto framework delivers straight
3-vector information in the position space, which can be used for further analysis.

2.4.1.2 HGeant

In order to simulate the interaction of the particles with the detector material, the events
produced by the Pluto event generator were processed through the HGeant framework
[HAD12], which is based on the Geant3 package developed at CERN [CER95]. To do so,
all HADES detector components including mechanical structures and material properties
were implemented in HGeant. Moreover, the framework allows to set the distribution of
the event vertices within a defined target volume. In this work, since the experimental
target was a cylindric tube filled with liquid hydrogen, a Gaussian distribution was chosen
in the x-y-plane (perpendicular to the beam axis) to reflect the experimental beam profile,
whereas in the z-axis, which is along the beam axis, a homogeneous distribution was
required. During this step of the simulation, particles undergo scattering processes and
secondary collisions and thereby lose energy on their way through the detector. They are,
furthermore, bend in the magnetic field and eventually decay into secondary particles, which
is the case for example for Λ or K0

S particles. Ultimately, all interactions with the detector
setup are stored providing automatically information on the geometrical acceptance.

2.4.1.3 SimDST

At this point, the events have been produced with help of the Pluto event generator and
passed through the HGeant framework to model the interaction of the particles with the
detector material. However, also the electronic response of the detectors, their inefficiencies,
noise and detector resolutions have to be simulated, which is done at this stage. The
Geant information serve, thereby, as an input for this digitization process. The realistic
particle hits are then treated the same way as the measured hits to form particle tracks
meaning that the same track fitting algorithms are used and also the same track cuts.
Finally, all the reconstructed track properties like the particle momentum, energy loss and
others are stored in the SimDST (simulated data summary tape) according to the LVL1
trigger condition (Sec. 2.1.8). The simulated data are now in the same form as the stored
experimental data and can be treated equally in the upcoming analysis steps to finalize the
full-scale simulations.
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2.4.2 The K0
S Pluto Cocktail

As already mentioned above, a Pluto simulation made out of a multi-reaction cocktail was
used for comparison and for acceptance and efficiency correction in this work. Thereby,
it was important to model also the LVL1 trigger efficiency, which required at least three
hits detected in the META system to record the event. This is why, a simple simulation
with help of the Geant particle gun generating single K0

S mesons with random angle and
momentum distributions was not applicable. Instead realistic reactions had to be simulated
to account for the trigger efficiency. The cocktail is composed of 13 K0 production channels,
which are listed in Table 2.2 and cover the main sources of K0

S formation in p+p collisions
at the studied kinetic beam energy of 3.5 GeV with excess energies well above threshold.

Table 2.2: Simulated K0 production channels for the acceptance and efficiency correction.
The cross sections σfitch at 3.5 GeV are determined by a fit with a cross section parametrization
from [SC98] (Eq. 34) to experimental cross sections measured at other energies. The excess
energies ε are calculated for p+p reactions at 3.5 GeV.

K0 production channels σfitch [µb] ε [MeV]
p+ p→ Σ+ + p+K0 20.43 551
p+ p→ Λ+ p+ π+ +K0 18.40 485
p+ p→ Σ0 + p+ π+ +K0 12.38 408
p+ p→ p+ n+K+ + K̄0 7.58 307
p+ p→ Σ(1385)+ + p+K0 5.31 358
p+ p→ Λ+ n+ π+ + π+ +K0 5.08 344
p+ p→ Σ+ + n+ π+ +K0 4.53 410
p+ p→ Λ+∆++ +K0 4.47 331
p+ p→ Λ+ p+ π+ + π0 +K0 4.46 350
p+ p→ Σ+ + p+ π0 +K0 4.06 416
p+ p→ Σ− + p+ π+ + π+ +K0 3.75 264
p+ p→ Σ+ + p+ π+ + π− +K0 2.26 272
p+ p→ p+ p+ π+ +K− +K0 2.02 169

Although an analysis in two kinematical self-contained variables would permit a model inde-
pendent acceptance correction, a realistic model was preferable, which could be compared
to and thus allow for interpretations of the observed data. Therefore, the cross sections
quoted for each reaction in Table 2.2 were implemented in the simulation. Since these cross
sections were not measured at the presented beam energy, a parametrization by Sibirtsev
and Cassing [SC98] was used to fit existing yield measurements of the individual channels
and by that to estimate the expected cross sections at Ekin = 3.5 GeV. After converting
the parametrization from the dependency on the square of the invariant collision energy s
to an equation of Ekin in p+p collisions, it reads as follows:
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σch = a

(
1− Ech

0 + 2mp

Ekin + 2mp

)b (
Ech

0 + 2mp

Ekin + 2mp

)c
(2.7)

with

σch : cross section of a specific channel
Ech

0 : channel dependent threshold of the kinetic beam energy
Ekin : kinetic beam energy
mp : mass of the proton

a, b and c : fit parameters
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Figure 2.11: Cross sections measured by different experiments as a function of the kinetic
energy of the incoming proton beam for the listed reactions. The data points are taken
from Landolt-Börnstein [MS88] and complemented with recent data [N+07, AB+12]. The red
solid curves are fits corresponding to a cross section parametrization (Eq. 2.7) derived from
Equation 34 in [SC98]. The blue dashed lines indicate suggested cross sections by the fit at
Ekin = 3.5 GeV, which are quoted in the legends as σpp35.
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The parametrization, which was fitted to experimental data, is shown as an example for
four reactions in Figure 2.11. The measurements are plotted as black squares, whereas the
fit function is depicted as a red curve. Moreover, the dashed blue lines mark the estimated
cross sections for a kinetic beam energy of 3.5 GeV. One has to mention here, that the
cross sections plotted for the reaction Λ/Σ0 + p + π+ + K0 include contributions of the
direct non-resonant production as well as of resonant reactions like Λ/Σ0 + ∆++ + K0,
which in the end lead to the same final states. The reason for that can be deduced from the
plot in panel (d), which contains only two measurements for the channel Λ+∆++ +K0,
because often the discrimination between non-resonant and resonant channels was not made
or was not possible. For the reaction Σ0 + ∆++ + K0 the situation is even worse, as no
experiment was performed exclusively for this channel before. From all four figures one
can, furthermore, recognize the rather large uncertainties of the cross sections measured at
higher beam energies, since most of these data stem from bubble chamber experiments with
lower statistics (summarized in [MS88]). However, this circumstance results automatically
in larger uncertainties of the fit, which need to be kept in mind. The low energy regime is
mostly covered by the recent ANKE and COSY-TOF experiments and show much smaller
error bars [N+07, AB+12].
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Figure 2.12: K0 angular distribution in the center-of-mass for the reaction p+p→ Σ+ +p+
K0 measured by the COSY-TOF Collaboration at pbeam = 3059 MeV/c (Ekin = 2.26 GeV).
The dashed line shows a parametrization using a Legendre polynomial function, which was
implemented in this analysis. The Figure is adopted from [AB+12].

In addition to the estimated cross sections, the angular distribution of the reaction p+ p→
Σ+ + p + K0 was adopted from [AB+12], even if that measurement was carried out at
a lower beam momentum of pbeam = 3059 MeV/c corresponding to Ekin = 2.26 GeV.
Such an angular distribution can be described by a Legendre polynomial function, which
allows to express the anisotropy in few parameters. A more detailed explanation will
follow in Section 3.2.3. The parameters extracted for the K0 in the aforesaid channel are:
A0≈330 nb/sr, A1≈−10 nb/sr and A2≈109 nb/sr, while the ratio A2/A0≈0.330 points
at a slight anisotropic production of the K0 mesons, which is also visible in Figure 2.12.
Here, the angular distribution of the K0 is plotted in the center-of-mass together with the



40 2 The HADES Experiment

Legendre polynomial parametrization (dashed line) as it was determined by the COSY-TOF
Collaboration [AB+12].

The K0 Pluto cocktail with the settings described above covers the full available phase space
in the given p+p reaction. That phase space distribution is illustrated in Figure 2.13 in
terms of the K0

S transverse momentum pt and center-of-mass rapidity ycm. Thereby, panel
(a) contains the plot of the Pluto output without any further analysis and panel (b) the
distribution after full-scale simulation including K0

S secondary vertex cuts listed in Table 3.1.
The red dotted lines correspond to the indicated momenta in the pt-ycm plane. From the
pure Monte Carlo simulation a very sharp cutoff is visible at p≈770 MeV/c, which is related
to the easiest accessible channel p+ p→ Σ+ + p+K0 . This limit is washed out by the full-
scale analysis due to several effects like the detector resolution, K0

S reconstruction efficiency,
resolution of the primary vertex calculation, PID misidentification and others. Furthermore,
the distribution, which is well centered around mid-rapidity (ycm = 0) in panel (a), is
shifted slightly to backward rapidities (ycm = 0) in panel (b), while forward rapidities are
limited to ycm < 0.5, which is related to the acceptance of the HADES detector system. The
spectrum showing the simulation processed through the full analysis chain is, in addition,
not that homogeneous anymore, but rather looks like two oval shaped distributions, which
overlap. This phenomenon is attributed to the fact that the reconstruction efficiency of
the various channels are different, mainly because of the multiplicity of the final states.
Thereby, the reactions with less final states populate higher pt regions than many-body
channels, which are easier to detect and lead to the enhancement at pt≈100− 300 MeV/c.
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Figure 2.13: K0
S transverse momentum pt versus center-of-mass rapidity ycm distribution of

the simulated Pluto/Monte Carlo cocktail of 13 K0
S production channels weighted with the

cross sections quoted in Table 2.2. Panel (a) shows the unfiltered simulation and panel (b)
the full-scale simulation with K0

S secondary vertex cuts (Table 3.1).

The reconstructed primary vertex of the K0 cocktail, which has went through the full
analysis chain, is illustrated in Figure 2.14, once in the x-y-plane (panel (a)) and once in
the x-z-plane (panel (b)). The primary vertex was calculated the way as it was described
in Section 2.3.1 for K0

S events. When comparing these distributions with the ones plotted
for experimental data in Figure 2.7, quite similar spectra are observed despite the multiple
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Figure 2.14: Primary vertex distributions in the x-y- (panel (a)) and in the x-z-plane
(panel (b)) for π+π−-pairs of the full-scale simulation consisting of the 13 Pluto/Monte Carlo
K0
S channels listed in Table 2.2.

peaks in the measurement due to the beam shifts (see Sec. 2.3.2). Furthermore, the
experimental distribution is more noisy, which is especially visible in the x-z-representation.
This observation can be attributed to the presence of much more background events in the
experimental data originating from non-strange reactions and wrong combinations of the
π+ and the π− to form a K0

S . Nevertheless, the agreement is good enough to perform an
acceptance and efficiency correction with this model.





3 The Inclusive K0
S production in

p+p @ 3.5 GeV

The forthcoming chapter deals with the study of the inclusiveK0
S production in p+p reactions,

which is not only interesting in terms of its total cross section at the measured kinetic energy
of 3.5 GeV, but can also give insight in the particle production mechanism in an elementary
system, where no effects such as nuclear scattering or potential effects are expected. For
this reason, such elementary measurements can be used as a reference to understand the
mentioned effects in more complicated systems as p+A or heavy ion collisions and, moreover,
put up constraints for theoretical calculations or serve as a cross check.

To display the complete kinematics of a inelastic production process, the analysis has
to be carried out in two kinematical independent observables, which can be for example
pcm-cosΘcm or pt-y. In the following sections details of the analysis procedure are described
to explain, how these distributions were obtained. Furthermore, a self-consistency check
was performed with the aim to put this analysis on solid ground (Sec. 3.3). At the end
of this chapter (Sec. 3.5) the results are presented in comparison to various transport
models (HSD [CB99], UrQMD [B+98] and GiBUU [B+12]) in order to identify possible
disagreements, which would point to missing experimental informations on kaon creation
used as an input in the calculations and a need for a more detailed understanding of the
exclusive K0

S production in p+p reactions. The latter topic is addressed in the next Chapter
(Chap. 4).

3.1 Analysis Procedure

The inclusive analysis of the K0
S meson (p+ p→K0

S+X) mainly exploits its nature of being
a short-lived particle. This property allowed the reconstruction of the kaon via its charged
decay mode (K0

S → π+ + π− with BR = 69.20± 0.05%) making use of the invariant mass
technique, which was necessary, since the HADES setup is not suited for the detection of
neutral particles. For the invariant mass technique all n decay products have to be detected,
as the 4-momentum of the reconstructed mother particle (E,~p) can be determined by the
sum of the 4-momentum of the daughter particles (Ei,~pi), thus, allowing to calculate the
mass of the mother particle:

minv = 1
c2

√
E2 − ~p 2c2 = 1

c2

√√√√( n∑
i=1

Ei

)2

−
(

n∑
i=1

~pi

)2

c2. (3.1)
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Furthermore, the specific decay topology, which is explained in the following section, can be
utilized to reject background events. Finally, the extraction of theK0

S yield can be performed
in terms of kinematical observables to learn about the K0

S production mechanisms.

3.1.1 K0
S Reconstruction

Figure 3.1: Sketch of the K0
S decay topology for the breakup into π+ and π− with the

secondary vertex cut variables dπ+−π− , d(K0
S − V ), DCAπ+ and DCAπ− .

For the reconstruction of short-lived neutral kaons only reactions were used, which survived
a rough primary vertex cut of 17× 17 mm2 in the x-y-plane with respect to the corrected
beam axis (see Section 2.3.2) and 60 mm in the direction of the beam. The calculation of
the primary vertex is explained in Section 2.3.1. This cut should reject off-target events,
for example from the beam pipe. Thanks to the charged decay of the K0

S , a reconstruction
via its daughter particles π+ and π− was possible, which were identified through a PID cut
on the MDC energy loss information (see Section 2.2).

Table 3.1: Final off-vertex cuts for the K0
S reconstruction via its charged decay pions.

Off-vertex cut d [mm]
dπ+−π− < 7

d(K0
S − V ) > 25
DCAπ+ > 7
DCAπ− > 7

In order to suppress combinatorial background, further cuts had to be applied on the decay
topology of the K0

S, which is sketched in Figure 3.1. Due to a considerable lifetime, which
leads to a cτ of around 2.68 cm, off-vertex or secondary vertex cuts were applicable. In
particular, four topological cuts were defined:

1. dπ+−π− : distance between the two pion tracks

2. d(K0
S − V ): distance between the primary reaction and the secondary decay vertex
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Figure 3.2: S2/B (S = signal, B = background) ratio depending on the cut version, which
stands for a specific off-vertex cut combination. The encoding of the cut version is realized
according to Eq. 3.2. The red arrow points at the selected cut version.

3. DCAπ+ : distance of closest approach of the π+ track with respect to the primary
vertex

4. DCAπ− : distance of closest approach of the π− track with respect to the primary
vertex

While the first cut should enhance the probability that the two pions originate from one
vertex, namely the K0

S decay vertex, the second and third cuts should filter out pions coming
from the primary vertex favoring displaced secondary vertices. The optimal combination of
these cuts were determined by maximizing S2/B in the invariant mass spectrum of the two
pions, where S is related to the K0

S signal and B to the background inside the 3σ signal
region. This observable was chosen on the one hand to achieve a good S/B ratio, while at
the same time trying to keep as much signal as possible. For this purpose, the invariant
mass spectra were fitted with the sum of two Gaussians for the signal and a third order
polynomial and a Landau function for the description of the background. The additional
Landau function was in particular needed to describe bump-like background shapes, when
looking at the invariant mass distribution of specific kinematic regions. Moreover, due to
scattering effects a single Gauss function was not sufficient for the reproduction of the signal
and so, when speaking about σ (e.g. 3σ signal region) the amplitude weighted average of
the standard deviations from the two Gaussians is meant. In the end, around thousand
cut combinations were checked leading to the S2/B distribution shown in Figure 3.2. The
x-axis in this plot contains the encoding of the cut versions according to following formula:
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CV = 100 ·NDCAπ + 10 ·Nd(K0
S−V ) + 1 ·Ndπ+−π− (3.2)

with

CV : cut version
NDCAπ : numbering of a specific DCAπ+ and DCAπ− cut value

Nd(K0
S−V ) : numbering of a specific d(K0

S − V ) cut value
Ndπ+−π− : numbering of a specific dπ+−π− cut value

Thereby, the numberings range from 0 to 9 and symbolize the variation over the particular
cut variables. The numbering of the cuts DCAπ+ and DCAπ− were combined, since the
values for these two cuts were always kept equal. The argument for this originates in the very
similar mass of the π+ and the π−. Some scattered measurements, which do not follow the
general trend, can be neglected, since they are related to cases, in which the invariant mass
fits failed. The cuts were varied as follows: dπ+−π− = 3 − 12 mm with ∆dπ+−π− = 1 mm,
d(K0

S − V ) = 10 − 55 mm with ∆d(K0
S − V ) = 5 mm and DCAπ+/− = 3 − 12 mm with

∆DCAπ+/− = 1 mm. Ultimately, the cut conditions were chosen from the maximum in the
peak between cut version 400 and 499 (DCAπ+/− > 7 mm) indicated by the red arrow in
Figure 3.2, where all the fits were stable and successful. The values of the final cuts are
summarized in Table 3.1, while the corresponding invariant mass spectrum is depicted in
Figure 3.3 panel (a) together with the background subtracted distribution in panel (b).

)2) (MeV/c-π,+πM(
300 400 500 600 700

))2
dN

/d
M

 (
1/

(M
eV

/c

0

5

10

15

310×
exp. data

fit

)2) (MeV/c-π,+πM(
400 500 600 700 800

))2
dN

/d
M

 (
1/

(M
eV

/c

0

2

4

310×
exp. data

fit

(a) (b)

Figure 3.3: Invariant mass distribution of π+ and π− candidates with the usage of primary
vertex and secondary vertex cuts (Table 3.1). Panel (a) shows the spectrum fitted with the
sum of two Gaussians (here, the amplitudes were set to zero for better visibility), a Landau and
a polynomial of the third order (blue). Panel (b) shows the background subtracted spectrum
fitted with two Gaussians (blue). The extracted quantities are: <mK0

S
> = 495.6±0.1 MeV/c2,

<σK0
S
> = 8.3± 0.2 MeV/c2, NK0

S
= 95226± 574 and S/B = 0.41.

From a fit as mentioned before (blue lines in Fig. 3.3), a signal of 95226 ± 574 and a
S/B ratio of 0.41 were obtained in the 3σ region of the peak. The mass of the K0

S was
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determined to be <mK0
S
> = 495.6± 0.1 MeV/c2 with a <σK0

S
> = 8.3± 0.2 MeV/c2. With

the rather large number of K0
S also two-dimensional analyses are possible as roughly shown

in Figure 3.4. Here, the phase space distribution of the K0
S candidates is shown in terms of

pt-ycm. In panel (a) only the final secondary vertex cuts were applied, whereas in panel (b)
additionally a 3σ K0

S mass cut was used. A comparison to the corresponding simulated
distributions in Figure 2.13 show that almost the entire K0

S production phase space can be
studied with the HADES setup. Only at very forward rapidities (ycm > 0.6) a cut-off is
visible in the experimental spectra due to the HADES acceptance. Furthermore, one can
see from the plotted momentum lines (red dashed) the maximum available momentum of
around 770 MeV/c for the K0

S production calculated from the easiest accessible channel
p+ p→ Σ+ + p+K0

S, when the K0
S mass cut is applied, although still more than half of

that statistics can be attributed to background. Since the maximum available momentum
of the K0

S is rather low, one can, furthermore, assume that no bias was introduced by the
limited PID cuts of pions with p < 1000 MeV/c.
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Figure 3.4: Transverse momentum pt versus center-of-mass rapidity ycm spectra for π+π−-
pairs. The red dotted lines indicate the π+π−-momentum at 500, 800 and 1000 MeV/c. Panel
(a) shows the distribution only with primary vertex and secondary vertex cuts (see Table 3.1).
The spectrum in panel (b) includes a cut on the K0

S mass within 3σ (from the fit in Fig. 3.3).

3.1.2 Acceptance and Efficiency Correction

As already indicated above, the measurement was limited by the geometrical acceptance of
the HADES setup (Sec. 2.1). This confined acceptance is caused not only by construction
considering for instance the uncovered region in the forward direction (Θ < 15◦) but
includes also the influence by the detector material, that might cause particle scattering
in the mechanical structures. For the inclusive analysis of the short-lived K0

S exploiting
its decay into π+ and π−, the losses at small polar angles are not that pronounced, since
the pions have opposite charge and might be bent back into the detection region by the
magnetic field. Nevertheless, there is still some probability that one of the pions or even
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both pions could not be detected, because they flew into the forward hole or to polar angles
larger than 85◦ or they have been stopped or scattered too much in the detector material.
In the case of an exclusive measurement as discussed in Chapter 4 the acceptance for an
event drops drastically, since besides the two decay pions additionally further final state
particles of the reaction of interest have to be detected.

Furthermore, losses need to be taken into account, which originate in the inefficiency of
the detector electronics or the analysis procedure. This implies sources like the detector
response, the trigger decision, the tracking algorithm and also the final analysis procedure
including the particle identification (PID) and the applied cuts on the primary and secondary
vertex distributions. All these inefficiencies perturb and modify the resulting experimental
spectra in such a way that hardly any physics can be drawn from them. A correction of
the data in terms of acceptance and efficiency is, therefore, crucial and allows not only to
interpret the experimental findings but also to perform comparisons with other experiments
and theoretical predictions.

The correction for the effects explained above were carried out with help of simulations
and specific simulation tools. The simulation consists of a Monte Carlo cocktail of 13
K0 production channels, which was introduced in Section 2.4.2, and covers the complete
available phase space in the studied p+p reaction at Ekin = 3.5 GeV. To minimize statistical
fluctuations a large amount of events (10 million per channel) was generated, which basically
allowed to ignore this kind of uncertainties. The influences of the detector acceptance and
the various efficiencies were modeled by means of the simulation tools, which were explained
in Section 2.4.1. Thereby, acceptance issues were treated within the HGeant framework
and efficiency effects caused by the detector response, tracking and trigger decision were
considered in the SimDST production step. In addition, the particle identification for the
simulation was adjusted such to select a particle species as efficient as in the experimental
case. A detailed description on this method can be found in Section 2.2. All other efficiencies
were taken into account by processing the simulation through the same analysis procedure
as foreseen for the experimental data. This way, a full-scale simulation was obtained, which
suffered the same experimental losses. Since the correction should be model independent,
to avoid the need of a perfectly real simulation, this operation had to be carried out in
two kinematical independent observables (e.g. pt-ycm or cosΘcm-pcm). Thus, knowing
the kinematical distributions of the initial unfiltered simulation and of the final full-scale
simulation it was possible to calculate a correction matrix for the experimental spectra
according to:

Dcorr(v1,v2) = Dfin(v1,v2)
Din(v1,v2) (3.3)

with

Dcorr : acceptance and efficiency correction matrix
Din : distribution of the initial unfiltered simulation
Dfin : distribution of the final full-scale simulation

v1 and v2 : two kinematical independent variables
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Figure 3.5: K0
S pt-ycm distribution of the K0

S Pluto/Monte Carlo simulation (Table 2.2)
binned for acceptance and efficiency correction. Panel (a) shows the unfiltered simulation and
panel (b) the full-scale simulation.

As an example the simulated distributions are depicted in Figure 3.5 in the two-dimensional
pt-ycm representation. Panel (a) shows the unfiltered distribution of theK0 cocktail, whereas
panel (b) contains the spectrum after the full-scale analysis. The binning visible in the plots
corresponds to the chosen binning in the experimental analysis. Moreover, the distributions
are only shown for the measured kinematical regions, since the correction can only take
place inside the acceptance.
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By comparing the numbers for each bin or even just the z-scales, one can already recognize a
huge drop of the yield, when going from the initial to the final distribution. This observation
is reflected in the acceptance and efficiency correction matrix, which was obtained through
the division of the final by the initial spectrum and is illustrated in Figure 3.6. Here, one
can see that the maximal acceptance and efficiency for a measured K0

S is of the order of
5.3%, while the average is around 2.2%. As expected a quite large correction is needed.
Furthermore, the matrix is not flat or homogeneous over the measured phase space, but
K0
S mesons with larger transverse momenta and rather negative center-of-mass rapidities

have a higher chance to be reconstructed, which is mainly due to the HADES acceptance.
Finally, by multiplying this correction matrix to the experimental distribution an unbiased
spectrum is obtained, which can be used for physics interpretations.

Table 3.2: The six off-vertex cut combinations resulting from a variation of each cut by
±20% for the determination of systematic uncertainties.

Cut combination dπ+−π− [mm] d(K0
S − V ) [mm] DCAπ+ & DCAπ− [mm]

< > >
1 8.4 25.0 7.0
2 5.6 25.0 7.0
3 7.0 30.0 7.0
4 7.0 20.0 7.0
5 7.0 25.0 8.4
6 7.0 25.0 5.6

3.1.3 Systematical Uncertainties

Every result of experimental measurements comes along with systematic uncertainties,
which can be minimized by calibrating the measurement system as precise as possible and in
our case also by choosing analysis methods that are less sensitive to perturbations. With the
given calibration precision of the HADES setup the analysis was left with the uncertainties
related to the fitting procedure of the K0

S invariant mass spectra for the different cuts on
the displaced decay vertex of the K0

S candidate. This procedure was not automated, since
the unstable background shape, which could change from a bump structure to a valley-like
shape depending on the selected kinematic region, required a manual adjustment of the
fitting parameters. Here, mainly the fit limits were tuned, but also the allowed range of the
standard deviations from the two Gaussians. The extent of the systematic uncertainties
from these sources were evaluated by a variation of the off-vertex cuts and by refitting the
resultant invariant mass spectra. In the variation of the above introduced secondary vertex
cuts every cut was modified by ±20% while keeping the other cuts at the standard value
quoted in Table 3.1. In this way, six additional cut combinations were tested, that are
listed in Table 3.2. By correcting the data with the help of simulations, also the systematic
uncertainties stemming from the model were taken into account. In total around 9%-15%
of the K0

S yield could be attributed to systematical uncertainties.
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3.2 Results and Discussion

3.2.1 Pt-y Distributions

As mentioned above the statistics of reconstructed K0
S is large enough to perform double

differential analyses, thus, covering the full kinematics of the K0
S production and allowing a

model independent acceptance and efficiency correction of the data. One possibility is to
study the yield as a function of transverse momentum pt and of rapidity y, which is defined
in the following equation:

y = 1
2 ln E + pl

E − pl
, (3.4)

with E being the energy of the considered particle and pl being the momentum component
parallel to the beam direction. The transverse momentum reflects the momentum component
perpendicular to the z-axis (p2

t = p2
x + p2

y), which is usually defined as the beam direction.
Therefore, this momentum component is decoupled from the boost transfered by the beam
itself. This is of particular importance in the study of in-medium effects, which take place
in the MeV regime and hence are very small compared to the analyzed beam energy of
3.5 GeV.
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Figure 3.7: Uncorrected pt versus ycm distribution of K0
S in panel (a). Acceptance and

efficiency corrected distribution in panel (b).

Here, pt was studied in the range 0−750 MeV/c in a binning of 75 MeV/c, which corresponds
to ten bins, and ycm (rapidity in the center-of-mass) was investigated from −0.65 to 0.55
with a bin width of 0.20 (six bins). The kinematic ranges were chosen such to cover the
whole HADES reconstruction acceptance as depicted in Figure 3.4 panel (b), while the
binning was adjusted in that way that the statistics per bin was sufficient for the analysis.
To retrieve the pt-y distributions, π+π−-invariant mass spectra were plotted for the specific
pt-y bins and fitted with the same function as explained in Section 3.1.1 to determine the
K0
S yields. Figure 3.7 panel (a) shows the uncorrected yields in the chosen binning. These

pt-y yields were then corrected for acceptance and efficiency with the help of Monte Carlo
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Figure 3.8: Acceptance and efficiency corrected transverse momentum pt spectra of K0
S ’s

in six center-of-mass rapidity bins. The black lines in the y-direction indicate statistical
uncertainties and the orange bars correspond to systematic ones.

simulations as explained in Section 3.1.2, where one can find the correction matrix in Figure
3.6. These corrected spectra are depicted in Figure 3.7 panel (b) in a two-dimensional
representation, while in Figure 3.8 the corrected pt spectra are plotted for the six rapidity
ranges together with the statistical (black) and systematic uncertainties (orange), which
were determined as described in Section 3.1.3. Larger systematic uncertainties can be
observed in the rapidity intervals farer away from mid-rapidity, which is due to the decrease
of statistics and therefore leads to instability of the mass fits. However, these K0

S pt-y
spectra from p+p reactions can be used for the validation of theoretical model calculations,
which will be shown in Section 3.5.

3.2.2 Rapidity Density Distribution

Based on the pt-y spectra introduced above, rapidity density (dN/dy) distributions can be
explored. In this context, negative rapidity values are called target rapidities, while positive
values are named beam rapidities, with respect to the center-of-mass system. These terms
indicate the possibility to study regions, which are preferred for particle emission, since
target rapidities correspond to backward emission and beam rapidities to forward emission.
In the studied p+p collisions a symmetrical distribution with regard to the mid-rapidity
(ycm = 0) is expected, which is related to the symmetric initial reaction system. Accordingly,
a shifted spectrum will be observed in asymmetric colliding systems as for example in
p+Nb reactions. Here, mainly secondary scattering processes on the nuclear target are
responsible for this effect leading to a shift towards backward rapidities.
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However, one possibility to extract the dN/dy spectra without having a 4π-detector
acceptance is to use the corrected pt-y distributions. As these spectra can only reflect the
yield inside the acceptance, a method to extrapolate the yield to unmeasured kinematic
regions had to be conceived. The unmeasured pt region is dependent on the selected rapidity
bin as shown in Figure 3.8. One can see that low transverse momenta are fully covered,
while at higher pt regions the acceptance breaks down. Therefore, a fit with a Boltzmann
function (Eq. 3.5) was applied to the spectra fitting the tail of the available pt distribution,
to estimate the yield in the unmeasured momentum region by integrating over this range.
Although the K0

S momentum spectrum in p+p collisions is not expected a priory to follow
Boltzmann behavior, it fits rather nicely to the pt spectra as demonstrated in Figure 3.9,
visible as gray curves. The total counts measured in a certain rapidity range was then
calculated as the sum of all measured pt points and the integral at high pt extrapolated by
the Boltzmann fit.

f(pt) = A · pt ·
√
p2
t +m2

0 · e
−

√
p2
t

+m2
0

TB (3.5)
with

A : amplitude
pt : transverse momentum
m0 : rest mass
TB : inverse slope parameter
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Figure 3.9: Acceptance and efficiency corrected transverse momentum pt distributions of
K0
S ’s in six center-of-mass rapidity bins and fitted by a Boltzmann function (Eq. 3.5) in gray.

The resulting acceptance and efficiency corrected rapidity density spectrum is depicted in
Figure 3.10 panel (a). Again, the orange bars indicate the systematic uncertainties, which
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were estimated with help of the minimal and maximal systematic uncertainties in the pt
distributions (Fig. 3.8). The dN/dy measurements are distributed symmetric with respect
to the mid-rapidity, which is expected as mentioned above. Thus, one can exclude severe
errors in the analysis procedure. Moreover, it was possible to extract the total yield and
therefore the total production cross section of neutral kaons from this rapidity density
distribution. To extrapolate to the unmeasured rapidity regions, a Gaussian function
was fitted to the spectrum, which is illustrated as a black curve in the same plot. After
normalizing the Gaussian integral absolutely to the elastic scattering cross section as
explained in Section 2.3.3, the total K0 production cross section in p+p reactions was
determined to be 113.5± 2.7(stat)+16.6

−10.2(sys)± 7.95(sysnorm) µb at 3.5 GeV kinetic beam
energy. Here, the branching of K0 into either K0

S or K0
L with a probability of 50% each was

taken into account. The systematic uncertainties of the total cross section were estimated
by the integrals of Gaussian fits to the maximal and minimal systematic uncertainties in
the rapidity density distribution.
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Figure 3.10: Panel (a): K0
S rapidity density distribution extracted from the pt-ycm spectra

in Figure 3.9. The black curve corresponds to a Gaussian fit for the determination of the total
K0 production cross section. Panel (b): Angular distribution cosΘcm of K0

S ’s fitted with a
Legendre polynomial function (Eq. 3.6) in gray. Both spectra are corrected for acceptance
and efficiency. The black lines along y indicate statistical uncertainties and the orange bars
illustrate the systematic ones.

3.2.3 Angular Distributions

Another representation for the K0
S production kinematics is the angular distribution cosΘcm

in the center-of-mass reference frame, which emphasizes similar information like the rapidity
density distribution. The range of the cosine ranging from −1 to 1 corresponds to the polar
angles from 0◦ to 180◦ and thus stands for the emission region, backward or forward, of
the studied particle. In line with the rapidity density spectrum a symmetric distribution
is expected with respect to cosΘcm = 0 for symmetric colliding systems. But in addition,
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cosΘcm plots contain direct information on the iso- or anisotropy of the particle production,
which strength can be quantified by fitting the distribution with a Legendre polynomial
function (Eq. 3.6):

F (cosΘcm) = A0 + A1cosΘcm + A2
1
2(3cos2Θcm − 1), (3.6)

where A0 compensates for an offset coming from the statistics of a data sample or in the
case of absolute normalized data depends on the production cross section. The coefficient
A1 introduces a linear term for asymmetric distributions. Since the studied p+p collision
system is symmetric, particle emission is also expected to be symmetric in the pp-center-of-
mass reference frame. Hence, this term could be neglected. The last noted coefficient A2
describes the strength of a potential anisotropy in the production. If it is normalized to A0,
a direct comparison between different measurements can be drawn. From the general form
of the Legendre polynomial function actually infinite number of terms can occur. However,
the inclusion of further terms in the analysis had no influence and thus these correction
terms could be omitted.

In Figure 3.10 panel (b) the corrected angular distribution of the K0
S is plotted in black

together with statistical (black lines) and systematic uncertainties (orange bars) and fitted
with a Legendre polynomial function (gray curve). The data clearly favors a backward-
forward anisotropy, which is confirmed by the fit. The out-coming coefficients are listed in
Table 3.3. The ratio A2/A0 was found to be 0.214± 0.017 in the pcm range 0− 800 MeV/c,
which can be interpreted as a slight anisotropy comparable to the measured K0 angular
distribution by the COSY-TOF Collaboration with A2/A0 = 0.330 ± 0.120 at pbeam =
3059 MeV/c for the reaction p+p→ Σ+ +p+K0 [AB+12]. As will be shown later from the
exclusive measurement of K0

S channels (Chapter 4), this angular anisotropy seen here is a
mixture of strong directional production of the resonant reactions p+p→ Λ+∆++ +K0 and
p+ p→ Σ(1385)+ + p+K0 with isotropic four- or even five-body reactions.

Table 3.3: Coefficients of the Legendre polynomial functions fitted to K0
S angular distri-

butions depending on the studied center-of-mass momentum range. Quoted are also the
normalized second coefficients A2/A0 for the comparison to other measurements.

pcm [MeV/c] A0 [103] A2 [103] A2/A0

0− 800 594.8± 3.7 127.5± 9.8 0.214± 0.017
0− 160 43.3± 1.4 9.6± 3.8 0.223± 0.089

160− 320 193.3± 2.2 30.6± 6.0 0.158± 0.031
320− 480 220.0± 1.9 25.9± 5.2 0.118± 0.024
480− 640 108.6± 1.2 27.9± 3.2 0.257± 0.030
640− 800 26.0± 0.7 15.0± 1.8 0.578± 0.070

However, a complete model independent correction can only be carried out in two-
dimensional kinematics, which is why the K0

S angular distribution was also studied as
a function of the center-of-mass momentum pcm. Depending on the phase space coverage
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Figure 3.11: Acceptance and efficiency corrected angular distributions cosΘcm of K0
S ’s in

five center-of-mass momentum bins fitted with Legendre polynomial functions (Eq. 3.6) in
gray. The black lines in the y-direction indicate statistical uncertainties and the orange bars
correspond to systematic ones.

of the data the ranges and binning were chosen as follows: pcm = 0 − 800 MeV/c with
∆pcm = 160 MeV/c and cosΘcm = −1 − 1 with ∆cosΘcm = 0.25. The corresponding
distributions are illustrated in Figure 3.11 and were fitted with the Legendre polynomial
function (Eq. 3.6) to see how the strength of the anisotropy develops. Table 3.3 contains
the results of the fits. The normalized A2 coefficients prove what is already visible by eye,
namely that the anisotropy is present in all momentum bins. Moreover, derived from the
numbers an increasing angular dependence was observed to lower and higher momenta with
the minimum in the intermediate momentum range, where pcm = 320 − 480 MeV/c.

3.3 Self-Consistency Checks

In Section 3.2.2 it has been already mentioned that severe mistakes in the analysis especially
in the correction procedure can be excluded, since a rather symmetric rapidity density
distribution with respect to the NN mid-rapidity was obtained. However, a more precise
method to validate the analysis are self-consistency checks. For such checks two different
models are used, to prove also the model independence of the acceptance and efficiency
correction, which is explained in Section 3.1.2. One can then either correct the fully
analyzed model I with the correction matrix determined with model II and check, if the
corrected model I is equal to its input, or one can directly compare the correction matrices
obtained from both models. The conclusions, that can be drawn from the results in both
cases, are equivalent and therefore only one of them was carried out, namely the latter one.
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Figure 3.12: Comparison of the K0
S acceptance and efficiency correction matrices in the

pt-ycm frame. The red open circles depict the correction obtained with the Pluto/Monte Carlo
cocktail of 13 K0

S channels and the blue triangles correspond to GiBUU simulations [B+12].

For this purpose the Pluto simulation composed by the 13 K0 production channels was used
on the one hand, since this is the model employed for the corrections of the experimental
data, and on the other hand the resonance based GiBUU model [B+12]. Both models have
quite different kinematical distributions as can be seen in the Figures 3.14 and 3.22 showing
their pt-ycm spectra and therefore are suited for a self-consistency check. They were both
processed through a full scale analysis using Geant3, to simulate the detector acceptance,
the same tracking algorithm as for the experiment and also the same analysis steps. These
filtered simulations were then divided by the corresponding input spectra to obtain the
acceptance and efficiency correction matrices. A double differential presentation of the
correction matrices was chosen, to allow for a model independent correction. Ultimately,
the comparison of both models was plotted in terms of pt-ycm and can be seen in Figure 3.12.
The same ranges and binning were applied as noted in Section 3.2.1 for the experimental
distributions. An extremely good agreement of both models is observed over the whole
kinematical range confirming that the correction procedure, which is performed with
help of the Pluto cocktail, can be employed on the experimental data without any bias.
Furthermore, this comparison confirms the assumption that the correction done in two
kinematical independent variables is model independent. That means also that the model
used for the correction does not have to reproduce the reality perfectly and thus it does not
matter, if the Pluto cocktail is not complete in the sense of K0

S reactions, their cross sections
and their potential angular anisotropies. Finally, one can conclude that the extracted
spectra in this inclusive analysis can indeed be used to carry out comparisons to various
theoretical models as will be shown in Section 3.5.
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3.4 Comparison to the Pluto Cocktail

In this section, the double differential kinematical distributions, which have been discussed
above, are compared with the Pluto cocktail. This cocktail consists of the 13 simulated
K0 production channels, that have been introduced in Section 2.4.2 for the acceptance
and efficiency corrections and includes also for one channel, namely the reaction p+ p→
Σ+ + p+K0, an angular anisotropy for the K0 production modeled on the findings of the
COSY-TOF Collaboration in [AB+12]. Furthermore, the individual cross sections were
used according to Table 2.2.

The comparison of the pt-ycm spectra are plotted in Figure 3.13 on an absolute scale
meaning that both the experimental and the simulated spectra are absolutely normalized
and can be presented in terms of cross sections (Sec. 2.3.3). One can see that the data
(black squares) are rather well reproduced by these plain Monte Carlo simulations (red
open circles) especially in the region around mid-rapidity. However, some discrepancies
are observed. The position of the maxima are located 50-100 MeV/c lower than in the
experiment in all rapidity ranges. Furthermore, disagreements are visible in the first and
the last rapidity bins (−0.65 < ycm < −0.45 and 0.35 < ycm < 0.55) hinting at a stronger
anisotropy in the K0

S production than included in the simulation. This suggestion has
already been mentioned and will be brought up in more detail when discussing the exclusive
K0
S production in the next chapter. Nevertheless, by looking at Figure 3.14, in which the

angular distributions are compared, this statement appears to be confirmed even if just
slightly more anisotropy seems to be needed. This is also seen, when looking at the A2/A0
ratios (Table 3.4) obtained by Legendre polynomial fits. Although the simulation tends to
underestimate the data in both figures, which comes from the fact that the absolute cross
section of the simulation is only ≈94.74 µb while the extracted experimental cross section
is ≈113.5± 2.7(stat)+16.6

−10.2(sys) µb, it is worth mentioning that the simulation catches the
data rather well in all pcm ranges in terms of yield. This will not always be the case for
transport models as will be shown in the following.

Table 3.4: Normalized second coefficients A2/A0 of the Legendre polynomial functions fitted
to K0

S angular distributions depending on the studied center-of-mass momentum range for
the Pluto, HSD, UrQMD, GiBUU-PYTHIA and GiBUU-resonance model.

pcm [MeV/c] Pluto HSD UrQMD GiBUU-P GiBUU-R
0− 160 0.017± 0.008 0.145± 0.009 0.006± 0.022 0.137± 0.018 0.069± 0.013

160− 320 0.027± 0.004 0.434± 0.005 0.130± 0.011 0.376± 0.010 0.093± 0.005
320− 480 0.057± 0.004 0.553± 0.005 0.711± 0.010 0.618± 0.009 0.114± 0.004
480− 640 0.153± 0.006 1.111± 0.008 0.726± 0.013 1.069± 0.013 0.217± 0.006
640− 800 0.315± 0.011 1.595± 0.013 0.919± 0.019 1.727± 0.021 0.537± 0.023
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Figure 3.13: Comparison of the experimental K0
S pt-ycm distributions (black squares) to a

Pluto/Monte Carlo cocktail of 13 K0
S channels (red open circles) on an absolute scale. The

experimental data include statistical (black lines) and systematic uncertainties (orange bars).
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Figure 3.14: Comparison of the experimental K0
S angular distributions (black squares)

to a Pluto/Monte Carlo cocktail of 13 K0
S channels (red open circles) as a function of five

center-of-mass momentum bins. Both data sets are absolute normalized and fitted with a
Legendre polynomial function (Eq. 3.6). The experimental data include statistical (black
lines) and systematic uncertainties (orange bars).
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3.5 Comparison to Transport Calculations

Since the production of the K0
S meson could be analyzed in almost full possible phase

space and were corrected for acceptance and efficiency effects, the data are perfectly suited
to validate transport models. For this purpose the very little statistical and moderate
systematic uncertainties are also beneficial. Especially the studied kinetic beam energy
of 3.5 GeV is of great interest, as this intermediate energy regime is located within a so
called transition region, in which resonance models might be slowly replaced by string
fragmentation models with increasing collision energy. Therefore, transport calculations
from both types were selected for comparison. The comparison to the string fragmentation
model of HSD [CB99] can be found in the next Section 3.5.1, to the resonance model of
UrQMD [B+98] in Section 3.5.2 and to the GiBUU [B+12] model, which allows to study
both types, in Section 3.5.3. More details about the transport models can be found in the
introduction (Sec. 1.6).

3.5.1 Comparison to HSD

The choice to compare the presented data to the transport model HSD [CB99] is motivated
by the publication of the FOPI Collaboration [B+09], in which the KN potential of K0

S have
been obtained in π−+A collisions at pbeam = 1.15 GeV/c with the help of this calculation
(Fig. 1.8). This model uses a string fragmentation model named FRITIOF [AGP93], which
is the former PYTHIA [SMS06], to describe the particle production at the studied energy
of 3.5 GeV.

Similar as in Section 3.4 the model was compared in the pt-ycm and in the cosΘcm-pcm frames
(Figs. 3.15 and 3.16). Here, the model calculation is plotted as green open crosses and was
absolutely normalized like the experimental data (black squares). The comparison reveals
that the HSD model in general overshoots the experimental yield at low transverse momenta
(pt / 300 MeV/c), while the larger transverse momenta are in good agreement. As a result
the peak positions of the momentum spectra are all shifted to lower values with respect
to the experimental distributions. This behavior is reflected in the angular distributions
in that way that a clear excess is observed in the two bins, where pcm < 320 MeV/c, but
at larger momenta a better agreement is achieved concerning the K0

S production yield.
Furthermore, the angular anisotropy is not only too strong in all pcm bins, which can be
retrieved from the A2/A0 ratios in Table 3.4, but also features different characteristics
compared to the experimental data (Table 3.3). As has been pointed out in Section 3.2.3
the data show an increasing strength of the anisotropy moving to lower and higher momenta
with the minimum anisotropy at pcm = 320 − 480 MeV/c. In contrast, the HSD model
shows a steep increase of the anisotropy with growing momenta. These findings do not
automatically lead to the claim that the model does not work in general, for example for
π−+A reactions at low energies, but strongly suggest to investigate the reasons for the
discrepancies in low energy p+p collisions, which would strengthen the reliability for more
complex systems also at higher energies.
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Figure 3.15: Comparison of the experimental K0
S pt-ycm distributions (black squares) to the

HSD transport model [CB99] (green open crosses) on an absolute scale. The experimental
data include statistical (black lines) and systematic uncertainties (orange bars).
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Figure 3.16: Comparison of the experimental K0
S angular distributions (black squares) to

the HSD transport model [CB99] (green open crosses) as a function of five center-of-mass
momentum bins. Both data sets are absolute normalized and fitted with a Legendre polynomial
function (Eq. 3.6). The experimental data include statistical (black lines) and systematic
uncertainties (orange bars).
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3.5.2 Comparison to UrQMD

A further commonly used transport model is the so called UrQMD model [B+98]. In
contrast to the above discussed calculation, here, particle productions are always realized
through two-body decays of intermediate resonances. Therefore, one can speak of a pure
resonance model, at least in the low energy regime. Since the energy of this measurement
is considered by theoreticians to lie in a transition region, in which it is not clear weather
resonance models are still applicable or already string fragmentation models like HSD have
to be employed, it is worth to perform a comparison of the data with the UrQMD model.

The same observables were consulted for this comparison as for the HSD calculation and
again model and data are absolutely normalized. In Figure 3.17, in which the pt-ycm spectra
are plotted, it is clearly visible that the model (magenta open squares) underestimates the
experimental yield in all rapidity bins. However, the shape of the transverse momentum
spectra and so also the peak positions are rather well reproduced. Furthermore, one can
see that the gap between model and data increases towards mid-rapidity indicating that
the angular dependence of the production is not described correctly. This assumption
is confirmed, when looking at Figure 3.18, which shows the angular distributions as a
function of pcm. While at low momenta the model seems to underestimate the strength
of the angular anisotropy, too much anisotropy is observed with pcm > 160 MeV/c. From
a Legendre polynomial fit of the angular distributions (magenta line) the normalized A2
coefficient was extracted and is listed in Table 3.4. The quoted numbers, which again scale
with increasing momenta as seen from the HSD model, reflect what has been claimed before.
However, a known issue in the UrQMD calculation is that direct three-body reactions or
even more than three-body reactions are completely missing in the model, which very likely
play a role in the studied energy regime. Hence, a three-body or more than three-body
final state can only be produced by generating intermediate resonances, which decay in a
second step (e.g. p + p → N + R → N + K + Y ). Therefore, the disagreement between
model and experimental data is expected in a certain way.

3.5.3 Comparison to GiBUU

A third transport model was consulted for comparison, namely the GiBUU model [B+12].
As described in the introduction (Sec. 1.6) this model provides a switch to set the transition
region from resonance model to the PYTHIA string fragmentation model at a given energy.
In the default GiBUU code the transition energy for baryon-baryon collisions is set to√
s = 2.6 GeV with a transition region of ±0.2 GeV. However, already for the study of

dileptons the GiBUU model has been improved [WvHM12] to describe the data in the
HADES energy regime (

√
s < 3.18 GeV) within a single model. Among other improvements,

the transition region has been pushed to
√
s = 3.4± 0.1 GeV and so all HADES data is

compared with pure resonance model in that attempt. In the present study dealing with
strangeness both approaches were compared to the K0

S spectra by moving the switch for
the transition region accordingly. One has to mention here that in contrast to the dilepton
studies a different resonance model is implemented in the GiBUU model. When studying
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Figure 3.17: Comparison of the experimental K0
S pt-ycm distributions (black squares) to

the UrQMD transport model [B+98] (magenta open squares) on an absolute scale. The
experimental data include statistical (black lines) and systematic uncertainties (orange bars).
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Figure 3.18: Comparison of the experimental K0
S angular distributions (black squares) to

the UrQMD transport model [B+98] (magenta open squares) as a function of five center-of-
mass momentum bins. Both data sets are absolute normalized and fitted with a Legendre
polynomial function (Eq. 3.6). The experimental data include statistical (black lines) and
systematic uncertainties (orange bars).
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non-strange reactions the GiBUU model uses resonance parameterizations from Manley
and Saleski [MS92], but since this calculation does not cover strangeness, the resonance
calculation from Tsushima [TST99] is employed in this case.

Again the comparison of the experimental data to the GiBUU model was carried out in
the pt-ycm and in the cosΘcm-pcm representations. The Figures 3.19 and 3.20 show the
corresponding spectra with the PYTHIA based model (open blue triangles). Consistently
to the HSD calculation, which also exploits the string fragmentation model, an overshoot of
the model is observed at low transverse momenta (pt / 400 MeV/c) in all rapidity ranges on
an absolute scale, whereas the high momentum tails are rather well reproduced leading to a
shift of the maximum momenta to lower regions as compared to the experimental spectra.
This excess is also visible in the angular distributions, while again too strong angular
anisotropies in the K0

S production were assumed by the PYTHIA model. However, the
A2/A0 coefficients extracted from Legendre polynomial fits (Table 3.4) show an even more
rapidly growing anisotropy as a function of the center-of-mass momentum as in the case of
HSD. This development of the angular distributions is not observed in the experimental
data, as has been pointed out in Section 3.2.3.

Moreover, if the pure resonance model based GiBUU calculation is adapted, the comparison
to the experimental spectra (Figs. 3.21 and 3.22) still exhibits an overshoot of the absolute
yield. However, the overshoot is found at intermediate momenta (pt≈150− 525 MeV/c).
Since the maxima of the transverse momentum distributions are shifted to higher momenta
compared to the experimental spectra, it can be claimed that not even the shape is
reproduced by the model as it was the case for the UrQMD calculation. From the angular
distributions plotted for several center-of-mass momentum bins, a similar observation was
found. Although the experimental yields are relatively well described at low and high
momenta, a large deviation is found at intermediate momenta, where pcm = 320−480 MeV/c.
The strength of the angular anisotropy in the model, which only includes the anisotropies
of three-body reactions p+ p→ Y +B+K, catches the experimental data in a satisfactory
way. Nevertheless, also here the anisotropy increases with growing momentum (see Table
3.4), which is not the case in the measurement (Table 3.3).



3.5 Comparison to Transport Calculations 65

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

5

10

15

20

-610×  < -0.45
cm

-0.65 < y

EXP
GiBUU

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

10

20

30

-610×  < -0.25
cm

-0.45 < y

EXP
GiBUU

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

10

20

30

40
-610×  < -0.05

cm
-0.25 < y

EXP
GiBUU

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

10

20

30

40

-610×  < 0.15
cm

-0.05 < y

EXP
GiBUU

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

10

20

30

-610×  < 0.35
cm

0.15 < y

EXP
GiBUU

 (MeV/c)
t

p
0 200 400 600 800

 (
m

b/
(M

eV
/c

))
t

/d
p

σd

0

10

20

-610×  < 0.55
cm

0.35 < y

EXP
GiBUU

Figure 3.19: Comparison of the experimental K0
S pt-ycm distributions (black squares) to

the GiBUU transport model [B+12] based on PYTHIA (blue open triangles) on an absolute
scale. The experimental data include statistical (black lines) and systematic uncertainties
(orange bars).

cmΘcos
-1 -0.5 0 0.5 1

 (
m

b)
cm

Θ
/d

co
s

σd

0

2

4

-310×  (MeV/c) < 160
cm

 0 < p

cmΘcos
-1 -0.5 0 0.5 1

 (
m

b)
cm

Θ
/d

co
s

σd

0

5

10

15

-310×  (MeV/c) < 320
cm

160 < p

cmΘcos
-1 -0.5 0 0.5 1

 (
m

b)
cm

Θ
/d

co
s

σd

0

5

10

15

20

-310×  (MeV/c) < 480
cm

320 < p

cmΘcos
-1 -0.5 0 0.5 1

 (
m

b)
cm

Θ
/d

co
s

σd

0

5

10

15

-310×  (MeV/c) < 640
cm

480 < p

cmΘcos
-1 -0.5 0 0.5 1

 (
m

b)
cm

Θ
/d

co
s

σd

0

2

4

6

-310×  (MeV/c) < 800
cm

640 < p

EXP
GiBUU

Figure 3.20: Comparison of the experimental K0
S angular distributions (black squares) to

the GiBUU transport model [B+12] based on PYTHIA (blue open triangles) as a function of
five center-of-mass momentum bins. Both data sets are absolute normalized and fitted with
a Legendre polynomial function (Eq. 3.6). The experimental data include statistical (black
lines) and systematic uncertainties (orange bars).
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Figure 3.21: Comparison of the experimental K0
S pt-ycm distributions (black squares) to

the GiBUU transport model [B+12] based on the Tsushima resonance model [TST99] (blue
open triangles) on an absolute scale. The experimental data include statistical (black lines)
and systematic uncertainties (orange bars).
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Figure 3.22: Comparison of the experimental K0
S angular distributions (black squares) to the

GiBUUU transport model [B+12] based on the Tsushima resonance model [TST99](blue open
triangles) as a function of five center-of-mass momentum bins. Both data sets are absolute
normalized and fitted with a Legendre polynomial function (Eq. 3.6). The experimental data
include statistical (black lines) and systematic uncertainties (orange bars).
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3.6 Summary of the Inclusive K0
S Analysis

The inclusive K0
S analysis in p+p reactions at 3.5 GeV kinetic beam energy was performed

with the aim to determine the production yield as a function of given kinematic variables. In
particular, this measurement should serve as a reference for more complex p+A and heavy
ion reactions for the study of kaon in-medium modifications such as the KN potential.
Since the data of such complex systems are often interpreted with the help of transport
models, the p+p data should also serve as a cross-check for these calculations. Therefore,
the K0

S was reconstructed in terms of pt-ycm (Fig. 3.8), dN/dycm (Fig. 3.10, panel (a)),
dN/dcosΘcm (Fig. 3.10, panel (b)) and pcm-cosΘcm (Fig. 3.11) and corrected with a
Monte Carlo simulation of 13 K0 channels for acceptance and efficiency. Not only expected
symmetries of the rapidity density and angular distributions were found and therefore ensure
the accuracy of the analysis, but also a successful self-consistency check put the analysis
on solid ground and allowed the extraction of the total K0 production cross section of
113.5± 2.7(stat)+16.6

−10.2(sys) µb. Furthermore, the angular distributions were fitted by means
of a Legendre polynomial function (Eq. 3.6) to retrieve quantitative numbers, which can be
compared to. Here, an increased anisotropy was observed for kaons, which were produced
with either lower or higher momenta with the minimum anisotropy in the momentum range
pcm = 320− 480 MeV/c. The obtained coefficients of the fit are summarized in Table 3.3.

In Section 3.5 a comparison of the corrected spectra to three different transport models (HSD
[CB99], UrQMD [B+98] and GiBUU [B+12]) is presented on an absolute scale, which either
use string fragmentation models or resonance models for the transport calculation. However,
none of the models showed satisfactory descriptions of the full experimental K0

S production
kinematics. For instance, the strength of the angular anisotropy develops differently than
the experimental anisotropy. It rises for all transport calculations with increasing center-of-
mass momentum and is with an exception on the resonance based GiBUU model too strong
in all models. Also the production cross section could not be reproduced by any model.
These discrepancies question the findings on the KN potential [B+09, B+04, A+10] and
need further investigations from the theory side. From experimental side a more detailed
analysis on the exclusive kaon production was carried out to deliver more reference points
and probably also input for the transport calculations. This analysis will be shown in the
next chapter.





4 The Exclusive K0
S production in

p+p @ 3.5 GeV

The study of the exclusive K0
S production is not only interesting by itself, since the low

energy region of the studied p+p measurement (
√
s = 3.18 GeV) has only been investigated

by few experiments, but is especially needed as an input and cross-check for theoretical
calculations. In the last chapter it has been shown that none of the compared transport
models (HSD [CB99], UrQMD [B+98] and GiBUU [B+12]) were able to describe the
inclusive K0

S spectra satisfactorily in terms of kinematics (pt-ycm and pcm-cosΘcm) and yield.
In the case of the GiBUU model, when using the parametrization of the Tsushima resonance
model, a clear indication for these discrepancies can be found in [TST99]. As mentioned
before, this calculation overestimates most of the exclusive K0 production channels in the
low energy region, where the models are only constrained by some measurements of the
COSY-TOF and ANKE Collaboration [AB+12, N+07]. At higher energies one can find
measurements from bubble chamber experiments, but with rather large uncertainties, which
results are compiled in [MS88]. The experimental situation is depicted in Figure 2.11 for
the most common reactions in the presented data sample. Especially for the four-body
reactions a lack of measured cross sections is visible in the intermediate energy regime. A
further question arises, if one recalls the transition energy for the application of resonance
models and string fragmentation models, which is supposed to be located in the studied
energy region. Namely, how large is the contribution of produced resonances and therefore,
is the resonance model still applicable?

There are several possibilities for the formation of a kaon final state, in which resonances
can play a role. For instance, ΣK-pairs can be generated through the decay of intermediate
N∗ or ∆∗ resonances and ΛK-pairs might be decay particles from N∗’s. A detailed
investigation of such reactions has been performed for the three-body production channel
p+ p→ Λ+ p+K+ in a separate analysis of the same data sample [Epp14, F+13, A+15],
which shows that the main source for the K+ final state is not related to a direct production,
but to the formation of N∗ resonances. Furthermore, the study of the reaction p + p →
Σ(1385)+ + n + K+ has shown that the production kinematics can be best modeled by
assuming 33% of the resonant contribution p+ p→ ∆(2035)++ + n→ Σ(1385)+ + n+K+

[A+12b]. The present study focuses on the production of a K0
S accompanied by a resonance

and ignoring how the kaon itself was created. By looking at the list of contributing
K0
S reactions (Table 2.2) it is noticeable that some of the reactions end up in the same

final states, but differ in the resonance contribution. Therefore, one can speak of non-
resonant and resonant reactions. One of these cases is for example the non-resonant reaction
p+ p→ Λ+ p+ π+ +K0, which final states can be also formed by the resonant reactions

69
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p+ p→ Λ+∆++ +K0 and p+ p→ Σ(1385)+ + p+K0. The same scenario occurs for the
channel p+ p→ Σ0 + p+π+ +K0 accordingly with exchanged hyperon content. Obviously,
different production kinematics will be found for the different reactions. Therefore, it is
crucial to have a precise knowledge of the cross sections and production kinematics of these
reactions.

4.1 Analysis Procedure

In the upcoming sections a detailed description of the analysis procedure will be presented
to study the following reactions taking into account part of the listed decay channels:

p+ p→+
SΛ + p+ π+

S + K0
S πS + π0

π0 + π0

π+ + π−
(4.1)
(4.2)

p+ π−

n+ π0
(4.3)
(4.4)

p+ p→+
SΣ

0+ p+ π+
S + K0

S πS + π0

π0 + π0

π+ + π−
(4.5)
(4.6)

Λ + γ πS + π0

p+ π−

n+ π0
(4.7)
(4.8)

p+ p→+
SΛ + ∆++

S + K0
S πS + π0

π0 + π0

π+ + π−
(4.9)
(4.10)

p+ π+ (4.11)
p+ π−

n+ π0
(4.12)
(4.13)

p+ p→+
SΣ

0+ ∆++
S + K0

S πS + π0

π0 + π0

π+ + π−
(4.14)
(4.15)

p+ π+ (4.16)
Λ + γ πS + π0

p+ π−

n+ π0
(4.17)
(4.18)

p+ p→+
SΣ(1385)++ p + K0

S πS + π0

π0 + π0

π+ + π−
(4.19)
(4.20)

Λ + π+ π0 + π0

p+ π−

n+ π0
(4.21)
(4.22)

Σ++ π0

p+ π0

n+ π+
(4.23)
(4.24)

Σ0+ π+

Λ + γ π0 + π0

p+ π0

n+ π+
(4.25)
(4.26)
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p+ p→+
SΣ

++ p + K0
S πS + π0

π0 + π0

π+ + π−
(4.27)
(4.28)

p+ π0

n+ π+
(4.29)
(4.30)

The main steps of the analysis start with a specific selection of interesting events from
the full p+p data sample and continue with the reconstruction of the K0

S (Sec. 4.1.1), the
modeling of the background via a sideband technique (Sec. 4.1.3) and a simultaneous
fit of simulated channels to a subset of missing and invariant mass spectra, in which
the individual reactions are distinguishable (Secs. 4.1.2 and 4.1.4). Ultimately, the cross
sections of the studied reactions were extracted and the angular distributions of the reactions
p+ p→ Λ/Σ0 +∆++ +K0 were determined (Sec. 4.1.5).

4.1.1 Event and Track Selection

Since this analysis aims to study the contribution of the K0 reactions listed above, in
particular p+ p→ Λ/Σ0 +∆++ +K0, the event selection was chosen such to contain and
measure as many final state particles as possible. However, one had to keep in mind that
the detection of more than five particles (Nparticles > 5) in one event is very unlikely due
to the limited HADES acceptance and reconstruction efficiency and would significantly
reduce the available statistics. Therefore, a semi-exclusive selection was more reasonable
and even allowed for the analysis of all the above mentioned reactions at once through some
of their decay channels. Exactly four charged particles were required to be identified per
event, which are a proton, a π+, a π− and another π+ assuming that the π− and one of the
π+ stem from the K0

S decay (BR= 69.2%), whereas the proton and the other π+ are either
produced directly (Ch. 4.2 or 4.6) or originate from the ∆(1232)++ (Ch. 4.10+4.11 or
4.15+4.16). The reactions p+p→ Σ(1385)+ +p+K0 and p+p→ Σ+ +p+K0 are included
in this event selection as well, if one assumes that the detected proton is a primary particle,
whereas the second π+ is a daughter particle from the decay of the Σ(1385)+ or Σ+. As
for the inclusive analysis, the charged particles were identified via their specific energy
loss in the MDCs (Sec. 2.2). Nevertheless, the question arises, why exactly four particles
were asked for and not allowing more, since the relevant statistics reduces by ≈ 40.9%
in comparison to a selection with Nparticles = 4 demanding at least the four mentioned
particles. The reason for this decision is that due to the combinatorics it was possible to
count an event multiple times even if the cuts on the target, on the K0

S decay vertex and on
the K0

S mass were applied. Such double-counting can occur, if in the same event a particle
type (e.g. π+) is present more than one time and hence several ways of combining these
particles are possible. Therefore, one would end up with more than one combination of the
same event. However, the probability for the double-counting of one event reduced from
23.3% to less than 0.3%, if events with more than four particles are rejected. That way, the
simulation did not need to reproduce the probability of the multiple event counting and
thus a complete and realistic p+p simulation was not required for the description of the
data.
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As already indicated, in the first attempt the K0
S was reconstructed via its charged decay

into two pions while applying several cuts on the selected data sample similarly as in the
inclusive K0

S analysis. To reduce off-target events a cut was applied on the reconstructed
primary vertex distribution (Sec. 2.3.1), which was 17× 17 mm2 in the x-y-dimensions
with respect to the corrected beam axis (see Section 2.3.2) and 60 mm in the direction of
the beam. Furthermore, the same secondary vertex cuts were used as in the inclusive study,
which are quoted in Table 3.1, although these cuts do not lead to the optimal S2/B ratio
in the exclusive analysis. This was actually needed here, because the analysis required a
sufficient amount of background events to perform a sideband analysis. This procedure will
be explained in Section 4.1.3. The resulting π+π−-invariant mass spectrum is illustrated
in Figure 4.1 using the technique already explained in Section 3.1. The distribution was
fitted with the sum of two Gaussians for the signal and the sum of a Landau and a third
order polynomial function for the background description. From this fit a K0

S signal of
NK0

S
= 6102 was obtained inside the 3σ region (dashed-dotted lines), which was calculated

as the amplitude weighted average of the standard deviations of the two Gaussians. This 3σ
region was used later on as a cut to select K0

S events. A rather large amount of background
is left inside this region, that is reflected in the S/B ratio of 0.64. As mentioned before, this
background is, however, helpfull for the sideband analysis and therefore not a disadvantage.
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Figure 4.1: π+π−-invariant mass distribution after secondary vertex cuts for the selected
event sample. The reconstructed values from a fit with the sum of two Gaussians, a polynomial
and a Landau function are <mK0

S
> = 494.9 MeV/c2, <σK0

S
> = 7.1 MeV/c2, NK0

S
= 6102

and S/B = 0.64. The dashed-dotted lines show the 3σ region around the K0
S signal. The red

and green areas indicate the chosen low and high mass sideband sample, respectively.

In principle one could have tackled the resonant reactions p+ p→ Λ/Σ0 +∆++ +K0 by
reconstructing the hyperon together with the decay products of the ∆++, for example by
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selecting events with a proton, a π+, another proton and a π− (with Λ→ p+π−). However,
this method has the disadvantage that the Λ channel cannot be distinguished from the
Σ0 channel. This is only possible, if the K0

S is reconstructed instead of the hyperon and
then by building the missing mass of the four selected particles.

4.1.2 Missing Mass, Invariant Mass and Angular Distributions

Once the K0
S has been reconstructed from the π+π−-invariant mass, a cut was defined

to further enhance the purity of the event selection. Thereupon, a subset of kinematical
observables had to be defined, which allow to distinguish the channels of interest listed
in Section 4.1 from each other. For that, the invariant mass technique, which has been
already explained in Section 3.1, and the missing mass technique were employed. The latter
technique can only be employed, if one measures or knows all the participating particles in
one reaction except the missing one (could be also more than one particle missing), as it is
based on energy and momentum conservation. Therefore, this method is only applicable in
elementary reactions, in which the 4-momentum of the beam (Eb,~pb) and target (Et,~pt) are
known. The 4-momentum of the missing particle can then be calculated from the measured
particles (Ei,~pi):

mmiss = 1
c2

√
E2 − ~p 2c2 = 1

c2

√√√√(Eb + Et −
n∑
i=1

Ei

)2

−
(
~pb + ~pt −

n∑
i=1

~pi

)2

c2. (4.31)

The advantage of this method is that also neutral particles can be identified, although none
of the HADES detectors can measure them directly.

In this exclusive analysis this method was used to calculate the missing mass of the four
selected particles MM(p,π+,π−,π+) (Fig. 4.2, panel (a)), which was chosen to separate the
reactions by their hyperon content. Indeed the resolution of the HADES setup is good
enough to do so, since clear peaks corresponding to the missing Λ and Σ0 show up in the
distribution. This can be later on used for further selections. For this purpose, these two
peaks were fitted with four Gaussians, two for each peak to take signal broadening from
scattering in the detector system into account. The σ values of these fits are, thereby, the
amplitude weighted averages of the standard deviations from the according two Gaussians.
The lower border of the Λ-selection was then defined by the 3σ interval with respect to
the Λ-Gaussian mean, while the upper border of the cut was confined by the intersection
of the Λ-Gaussians and the Σ0-Gaussians. Accordingly, the Σ0-selection reaches from the
intersection to the 3σ limit determined by the Σ0-Gaussians. Another peak appears in the
MM(p,π+,π−,π+) that corresponds to the missing neutron, which stems from the reaction
p+ p→ Σ+ + p+K0 (Ch. 4.30). Furthermore, this neutron peak arises to some extent
from the reaction p+ p→ p+ π+ + π+ + π− + n.

A second missing mass distribution was studied to distinguish between the reactions
p + p → Σ+ + p + K0 and p + p → Σ(1385)+ + p + K0, which is the missing mass to
the three particles proton, π+ and π−. Respective enhancements at the specific masses
are seen in Figure 4.2 panel (b). The other K0 production channels have a rather broad
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structure in this observable. However, another peak is visible that originates from the
reaction p+ p→ p+ p+ π+ + π−, which can contribute in this data sample, when a proton
is misidentified as a π+.

The third missing mass spectrum is essentially the same as the first MM(p,π+,π−,π+).
However, a cut on the MM(p,π+,π−) was applied in addition accepting only events with
MM(p,π+,π−) > 1270 MeV/c2. This way the reaction p+ p→ Σ+ + p+K0 was rejected
leading to the missing mass distribution in Figure 4.2 panel (c), which is addressed as
MM(p,π+,π−,π+)CUT in the following. The reason to include this spectrum in the analysis
was to get rid of the p+ p→ Σ+ + p+K0 inside the neutron peak. As a consequence, only
non-strange reactions contribute at MM(p,π+,π−,π+)CUT < 1000 MeV/c2, which facilitates
a constraint on the yield of the background model.
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Figure 4.2: Missing mass distributions in panel (a) with respect to the p, π+, π+ and π−,
in panel (b) with respect to the p, π+ and π−, and in panel (c) with respect to the p, π+,
π+ and π− with the cut MM(p,π+,π−) > 1270 MeV/c2 indicated in panel (b) as dashed line.
Panel (d) and (e) show the pπ+-invariant mass distributions with applied Λ- or Σ0-selection,
respectively. All spectra are plotted with a cut on the K0

S mass in the π+π−-invariant mass
spectrum (Fig. 4.1). The double arrows in panel (a) indicate the so-called Λ-cut and Σ0-cut,
respectively.
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After the definition of observables, in which Λ associated reactions can be separated from
Σ0 associated reactions and Σ+ from Σ(1385)+ channels, further variables had to be found,
in which the resonant ∆++ reactions could be distinguished from the non-resonant reactions
producing directly pπ+-pairs. Therefore, the two pπ+-invariant mass spectra M(p,π+)Λ and
M(p,π+)Σ0 with either the Λ-cut or the Σ0-cut on the variable MM(p,π+,π−,π+) were
selected and are illustrated in Figure 4.2 panel (d) and (e). Since the proton and the
π+ would be correlated, if they would stem from the ∆++ decay, an enhancement would
be seen in these invariant mass spectra at the specific ∆++ mass, whereas uncorrelated
pπ+-pairs would show a broad structure. However, the ∆++ signal will not be a narrow
peak, which is only a few MeV/c2 broad, but has a rather broad Breit-Wigner shape with a
Γ of about 117 MeV, which is due to its very short lifetime in the order of 10−24 s [O+14].
Hence, a simple fit of the spectra like in the case of the K0

S could not be applied without
producing large systematic uncertainties. Therefore, a different method to extract the
contributions was developed, in which all contributions were simulated or modeled and
fitted simultaneously to these five introduced distributions by means of a χ2 minimization.
More details about this procedure are available in the next sections.

The mass spectra in Figure 4.2 are nicely suited to study the contribution of theK0
S production

channels without ambiguities. However, this analysis aims also for the extraction of the
angular distributions of the resonant channels p+ p→ Λ/Σ0 +∆++ +K0. Therefore, two
angular distributions of the pπ+-system (cosΘpπ+

cm ) were studied as well and are plotted in
Figure 4.3. The distribution in panel (a) contains Λ-events, while the spectrum in panel
(b) passed through a Σ0-selection.
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Figure 4.3: Angular distributions of pπ+-pairs in the center of mass reference system either
in the Λ-cut (panel (a)) or in the Σ0-cut (panel (b)) with a cut on the K0

S mass in the
π+π−-invariant mass spectrum (Fig. 4.1).
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Table 4.1: Some possible non-strange reactions contributing to the final state selected in
this analysis.

Non-strange reactions in selected events
p+ p→ p+ n+ π+ + π+ + π−

p+ p→ p+ p+ π+ + π+ + π− + π−

p+ p→ p+ p+ π+ + π−

p+ p→ p+ p+ η

4.1.3 Background Determination

As mentioned above, a rather large amount of background remains in the selected data
sample even after target, off-vertex and the K0

S mass cut meaning also in the missing mass
and invariant mass distributions introduced in the last section. This background contains
mainly combinatorial background from non-strange reactions, of which some are listed
in Table 4.1. Since only less than 0.3% of the events are used more than one time, the
combinatorial background from K0

S production channels can be neglected. However, a much
longer list of non-strange reactions than listed in Table 4.1 contribute in the data sample,
from which one would need to know the cross sections and kinematical distributions, if the
background should be modeled by simulations. This is obviously not the case, which is
why a data-driven sideband analysis was performed to emulate the background. In such
an analysis a sample of experimental background events is defined by selecting a π+π−-
invariant mass outside the 3σ K0

S region. The invariant mass regions covered by this sample
are indicated as red (LM, low mass) and green (HM, high mass) areas in Figure 4.1 and are
chosen as large as possible while keeping the integral of both areas similar. In the following,
the terms background, background events or K0

S background will be denoted to events with
an π+π−-invariant mass inside the 3σ K0

S window, while the background events with a
π+π−-invariant mass outside 3σ K0

S region the will be addressed as K0
S sideband events.

The aim of the sideband analysis is to model the full kinematics of the K0
S background with

help of the sideband events. Thereby, the easiest way was to adjust the π+π−-momentum
distribution of the sideband sample to the background momentum distribution. A pure
background sample could be obtained by a cut on MM(p,π+,π−) < 1100 MeV/c2. This cut
is plotted in Figure 4.4 as a dotted line. In the same plot, which shows the experimental
MM(p,π+,π−) distribution overlaid by K0

S Monte Carlo simulations (more details in next
section), one can notice that no K0

S reaction contributes at lower masses than this dotted
cut-line. The resulting π+π−-momentum distribution of such events is depicted in Figure
4.5 and marked as black squares. The momentum distributions of both sideband samples,
pπ

+π−
LM and pπ+π−

HM , were then fitted to the one of the K0
S background by adjusting the yields

of the distributions according to:
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NBG = a ·NLM + b ·NHM (4.32)
with

NBG : yield of the K0
S background

NLM : yield of the low mass sideband sample
NHM : yield of the high mass sideband sample
a, b : fit coefficients

Thereby, the starting values of the fit coefficients a and b were both set to one to reflect the
nearly same integrals of the LM and the HM sideband samples. As a result a χ2/NDF of
2.32 was achieved. The outcome is also shown in Figure 4.5, where pπ+π−

LM is plotted as red
filled triangles, pπ+π−

HM as green open triangles together with the sum of both (gray shaded
area). A satisfactorily good agreement of the π+π−-momentum distributions was obtained
and thus also the relative scaling factors that need to be applied on the LM and HM events.
Furthermore, it was seen that the LM sideband sample had to be scaled more than the HM
events (a > b), which was expected, because the K0

S background is not constant over the
π+π−-invariant mass, but decreases with growing invariant mass.
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Figure 4.4: Missing mass distribution with respect to the p, π+ and π−, both with a cut on
the K0

S mass in the π+π−-invariant mass spectrum (Fig. 4.1). The dotted line at 1100 MeV/c2

is used in the sideband analysis for a background selection.

This momentum distribution was cross-checked differentially in the polar angle Θπ+π−
lab ,

which is kinematically independent from plab and hence allows to display the full π+π−-
kinematics. Figure 4.6 shows the π+π−-momentum spectra in five Θπ+π−

lab bins ranging from
0◦ to 75◦ with the same conditions as for the total π+π−-momentum distribution. The
color code is the same as before, while the scaling factors for LM and HM events (a and b)
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Figure 4.5: Momentum distribution of the K0
S background (full squares). Applied conditions

are a 3σ cut around the K0
S peak in the π+π−-invariant mass distribution (Fig. 4.1), and a

cut on MM(p,π+,π−) < 1100 MeV/c2. Relative weights of low mass (full triangles) and high
mass (open triangles) sideband samples were fitted simultaneously to the spectrum. The sum
of both is shown as a gray filled histogram.

fixed by the fit to the total momentum spectrum were applied to the sideband distribution.
The sum of the sideband samples reproduces the background distribution fairly well in all
polar angle ranges ensuring that the sideband sample can be used as a background model
in the kinematic observables shown in Figure 4.2 and 4.3.

4.1.4 Simulation Cocktail

The data sample for this analysis was chosen such to enhance the relative contribution of
certain K0

S production channels by selecting events with the four charged particles proton,
π+, π+ and π−. This sample still contains background from non-strange reactions, which
can be explained by the sideband sample introduced in Section 4.1.3. The contributing
K0
S reactions are listed to an almost complete extent in Table 4.2 and were simulated as

an incoherent cocktail with the Pluto event generator [F+07] to study cross sections and
angular distributions. This Monte Carlo tool is explained in detail in Section 2.4.1.

The list of considered K0 production channels found in Table 4.2 holds three different
classifications of the reactions. The class C1 includes the main contributing K0 reactions,
that this analysis focuses on and which already have been introduced in Section 4.1 listing
all decay branches of each reaction. The classes C2 and C3 reflect the K0 channels that
have a relatively low probability to pass the event selection due to their many-body final
state. C2 reactions correspond to multi-pion K0 reactions, while the C3 class contains the
remaining K0 channels. The reactions of these two classes C2 and C3 show very similar
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Figure 4.6: Momentum spectra for several bins in Θlab of the K0
S background. Applied

conditions are a 3σ cut around the K0
S peak in the π+π−-invariant mass distribution (Fig. 4.1),

and a cut on MM(p,π+,π−) < 1100 MeV/c2. The scaling of the low and high mass sideband
is a result of the simultaneous fit of both sidebands to the momentum distribution of the
K0
S background in Fig. 4.5. The symbols are the same as in Fig. 4.5.

shapes in all the observables, that are studied in this analysis, within their class. Therefore,
these reactions could be merged within the two groups and treated each as one single
contribution in further studies, which allowed to reduce the number of free parameters in the
fit. Anyway, the contributions of the C2 and C3 reactions in the studied data sample were
so small that their determined cross sections are compatible with zero within the statistical
uncertainties. Even in the case that some K0 reactions might be missing in this compilation,
they will most probably be many-body reactions, which can be either grouped into class C2
or C3. However, two interesting reactions including a K∗(892)+ → K0 + π+ were inspected
explicitly to figure out, whether they need to be considered or not. Indeed, an ongoing
inclusive K∗(892)+ analysis has shown enough statistics for double differential investigations.
Both the reactions p+p→ Λ+p+K∗(892)+ (ε = 230 MeV) and p+p→ Σ0 +p+K∗(892)+

(ε = 157 MeV) are above threshold in the considered p+p reaction at 3.5 GeV. Nevertheless,
the invariant mass of the three selected pions showed that the geometrical acceptance for
the K∗(892)+ is very small within the four-particle selection. This statement holds true for
both reactions as can be seen in Figure 4.7, in which panel (a) shows the MM(π+,π−,π+)
using the Λ-selection and panel (b) with the corresponding Σ0-selection. The red dashed
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Table 4.2: K0 production channels contributing to the selected final state. The cross sections
σfitch at 3.5 GeV are determined by a fit with a cross section parametrization from [SC98] (Eq.
34) to experimental cross sections measured at other energies (*no experimental data existing
to perform the fit). The excess energies ε are calculated for p+p reactions at 3.5 GeV.

Main contributing reactions (C1) σfitch [µb] ε [MeV]
p+ p→ Σ+ + p+K0 20.43 551
p+ p→ Λ+ p+ π+ +K0 18.40 485
p+ p→ Σ0 + p+ π+ +K0 12.38 408
p+ p→ Λ+∆++ +K0 4.47 331
p+ p→ Σ0 +∆++ +K0 -* 254
p+ p→ Σ(1385)+ + p+K0 5.31 358

Multi-pion K0 reactions (C2) σfitch [µb] ε [MeV]
p+ p→ Λ+ n+ π+ + π+ +K0 5.08 344
p+ p→ Λ+ p+ π+ + π0 +K0 4.46 350
p+ p→ Σ− + p+ π+ + π+ +K0 3.75 264
p+ p→ Σ+ + p+ π+ + π− +K0 2.26 272

Other K0 reactions (C3) σfitch [µb] ε [MeV]

p+ p→ p+ n+K+ + K̄0 7.58 307
p+ p→ Σ+ + n+ π+ +K0 4.53 410
p+ p→ Σ+ + p+ π0 +K0 4.06 416
p+ p→ Σ+ +∆+ +K0 6.59 257
p+ p→ p+ p+ π+ +K− +K0 2.02 169

lines in both histograms indicates the nominal mass of the K∗(892)+. Since the K∗(892)
has a width of only Γ ≈ 50 MeV [O+14], it is furthermore unlikely that it contaminates
the shown invariant mass spectra. Ultimately, these reactions could be neglected in this
analysis and were not included.

Finally, all the simulated reactions (Table 4.2) were processed through the HADES detector
simulation using Geant3, tracked and analyzed with the same algorithms as used for
the experimental data to obtain the three missing mass and two invariant mass spectra
introduced in Section 4.1.2. The yields of these simulated distributions were then fitted
simultaneously to the five experimental mass spectra by means of a χ2 minimization, to
determine the contribution of each class C1 reaction. In this minimization procedure start
parameters for the scaling of each channel F start

ch were defined taking the cross sections σfitch
quoted in Table 4.2 normalized to the elastic p+p cross section as follows:

F start
ch = σfitch

N sim
ch

· N
tot
el

σel
. (4.33)

N sim
ch corresponds to the number of events simulated for each channel and the cross
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Figure 4.7: Invariant mass distribution of the three pions π+, π+ and π− inside the four-
particle event selection and including K0

S off-vertex and K0
S mass cuts. Panel (a) is selected

for Λ-events and panel (b) for Σ0-events using the relevant cuts in the MM(p,π+,π−,π+) (Fig.
4.2, panel (a)). The red dashed lines indicate the nominal mass of a K∗(892).

sections σfitch were estimated from a fit to measured data for various beam energies using the
parametrization from Eq. 34 in [SC98]. Figure 2.11 shows some fits as an example. It has to
be mentioned that the quoted cross sections for the reaction p+p→ Λ+p+π+ +K0 include
also the contributions from the branching of the reactions p + p → Λ + ∆++ + K0 and
p + p → Σ(1385)+ + p + K0 into the same final states. Indeed, most of the previous
measurements did not distinguish among them. N tot

el corresponds to the total number
of elastic events, while σel is the cross section for elastic events in the analyzed data set.
They have been extracted in a separate analysis found in [Rus10]. In principle, the ratio
of these parameters relates the measured signal counts to cross sections and should stay
constant for every investigated reaction. If one assumes that the quoted σfitch would be
correct, one could obtain the number of events of each reaction, that should be measured
in the experimental data sample by applying the factor F start

ch to simulations. In this case
acceptance and efficiency effects would already be considered, since the simulation was
processed through a full-scale analysis. Additionally, the relative contributions of the LM
and HM sideband samples were fixed by the sideband analysis (Sec. 4.1.3), but the total
sideband contribution was allowed to vary within ±30%. That was done, to take into
account the fact that the yield of the sideband events was obtained on the basis of a small
data sample due to the cut MM(p,π+,π−) < 1100 MeV/c2 (see also Sec. 4.1.3). As a result
the minimization process delivers scaling factors fch for each reaction to fulfill following
condition:

N exp_acc =
∑
ch

fch · F start
ch ·N sim_acc

ch , (4.34)

where N exp_acc and N sim_acc
ch are related to the number of experimental and simulated events

inside the HADES acceptance and including efficiency effects from tracking and analysis.
In simple words, the minimization process varies the cross section σfitch by adjusting the
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scaling factor fch, so that experimental data are described the best way. As a result quite
different cross sections were obtained compared to the values of σfitch , which is mainly due
to the separate consideration of resonant and non-resonant reactions. A detailed discussion
on these findings can be found in Section 4.2.2.

Thereby, the assumption was made that the different channels were not interfering with
each other. Indeed, channels ending up in the same final states might interfere, which
means in this analysis that the non-resonant channels might interfere with the resonant
channels:

• p+ p→ Σ0 + p+ π+ +K0, p+ p→ Σ0 +∆++ +K0 and
p+ p→ Σ(1385)+ + p+K0 → Σ0 + π+ + p+K0

• p+ p→ Λ+ p+ π+ +K0, p+ p→ Λ+∆++ +K0 and
p+ p→ Σ(1385)+ + p+K0 → Λ+ π+ + p+K0

Nevertheless, the no-interference assumption is fairly reasonable, if one regards the missing
mass and invariant mass spectra plotted in Figure 4.2. Indeed, from studies with a Partial
Wave Analysis (PWA) of the same data set [A+15, Epp14], where interferences are taken
into account, it was seen that interference effects would influence the invariant mass spectra
leading to distorted distributions, which is not the case in this analysis. Furthermore, a
clear peak of the Σ(1385)+ and the broad structure of the ∆++ resonance were seen in
the experimental data, which hint at dominant contributions from the resonant channels.
These peak structures would wash out, if strong interferences would play a role.

4.1.5 Angular Anisotropy

After performing the minimization procedure on the five kinematical observables with the
simulation cocktail described above (Fig. 4.2), it was found that the angular distributions of
the pπ+-pairs separated for Λ- and Σ0-events shown in Figure 4.3 could not be reproduced
by the incoherent sum of the simulated K0 channels. Although that minimization delivered
a reasonable χ2/NDF of 2.8 in the five mass spectra, the χ2/NDF calculated from both
cosΘpπ+

cm distributions was 25.64. The large discrepancies can be observed in Figure 4.8,
where the simulation completely failed to emulate the backward kinematics. The reason for
that was found in the missing production anisotropies for several reactions, which had to be
included. First of all angular anisotropies were incorporated in the simulation from previous
measurements of the reactions p+ p→ Σ+ + p+K0 and p+ p→ Σ(1385)+ + p+K0. The
reaction p+p→ Σ+ +p+K0 has been studied by the COSY-TOF Collaboration at a lower
energy of Ekin = 2.26 GeV, in which they have observed the anisotropic production of the
emitted K0

S [AB+12]. The extracted strength of the anisotropy has been quantified in terms
of parameters of the Legendre polynomial function (Eq. 3.6), which are quoted in Table
4.3, and were used to weight the K0

S in the corresponding simulated channel. Similarly the
Σ(1385)+ was weighted using the determined Legendre polynomial coefficients from the
investigation of the reaction p+ p→ Σ(1385)+ + n+K+ in the same data sample as the
presented one [A+12b]. These coefficients are also listed in Table 4.3.
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Figure 4.8: Angular distributions of pπ+-pairs in the center of mass reference system either
in the Λ-cut (panel (a)) or in the Σ0-cut (panel (b)) with a cut on the K0

S mass in the
π+π−-invariant mass spectrum (Fig. 4.1). The gray histogram corresponds to the sum of
simulated isotropic contributions plus the background defined by the sideband sample. The
same color code and line styles are used as in Figs. 4.10 and 4.11.

Table 4.3: Coefficients of the Legendre polynomials included for the angular distributions of
the listed particles in the corresponding reactions. Coefficients of channel p+p→ Σ+ +p+K0

are taken from [AB+12]. The coefficients for p+ p→ Σ(1385)+ + p+K0 was assumed to be
the same as found in [A+12b] for the reaction p+ p→ Σ(1385)+ + n+K+.

Reaction cos A0 [µb] A1 [µb] A2 [µb] A2/A0

p+ p→ Σ+ + p+K0 ΘK0
cm 13.15 -0.40 4.37 0.33

p+ p→ Σ(1385)+ + p+K0 ΘΣ(1385)+
cm 7.23 0.00 10.24 1.42

p+ p→ Λ+∆++ +K0 Θ∆++
cm 14.84 0.00 22.15 1.49

p+ p→ Σ0 +∆++ +K0 Θ∆++
cm 4.63 0.00 0.36 0.08

However, the simulation cocktail was still not able to reproduce the angular distributions
of the pπ+-system, which pointed to missing angular anisotropies in further K0 production
channels. Since an anisotropic production is more likely to occur in three-body than
in many-body reactions and a dominant contribution was expected from the resonant
channels, which lead to larger effects from these reactions, it was concluded that both
reactions p + p → Λ/Σ0 + ∆++ + K0 must carry some anisotropy - less in the Σ0 than
in the Λ associated channel, as the discrepancy was larger in the Λ-selected distribution.
To determine the strength of the anisotropies an iterative process was applied making
use of the Legendre polynomial function to parametrize the angular distribution. The
function is quoted in Equation 3.6, from which the A1 term was neglected, because the
studied p+p system should not contain any asymmetric component. The ∆++ in the two
corresponding reactions were weighted assuming a certain combination of A2 coefficients,
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which reflect the magnitude of the anisotropy, and processed through the minimization
procedure on the five mass spectra. Thereby, the second coefficients were varied in the
ranges AΛ∆++K0

2 = 20.65−23.65 µb and AΣ0∆++K0
2 = −0.64−2.36 µb in steps of 0.5 µb, while

keeping the A0 coefficients constant at 14.84 and 4.63 µb, respectively, which are related
to the yield of the corresponding reactions. For each set of A2 parameters the χ2/NDF
was calculated combining the two pπ+-angular distributions, which is depicted in Figure
4.9. This χ2/NDF distribution is highly sensitive on the variation of the anisotropy of
the Λ associated reaction, whereas the χ2/NDF shows very little modification with the A2
alternation of the Σ0 reaction. However, a minimum could be found at AΛ∆++K0

2 = 22.15 µb
and AΣ0∆++K0

2 = 0.36 µb with χ2/NDF = 1.827. The values are summarized in Table 4.3
together with the A2/A0 ratios for comparison. A rather strong anisotropy is obtained for
the ∆++, if it is produced together with a Λ, while the formation in association with a
Σ0 seems to be almost isotropic. The explanation about this finding will follow in the next
section, when discussing the results of the exclusive analysis.
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Figure 4.9: χ2/NDF distribution in the cosΘpπ+
cm spectra in Fig. 4.14 for the variation of

the second coefficients A2 of the Legendre polynomials of the channels p+ p→ Λ+∆++ +K0

and p+ p→ Σ0 +∆++ +K0.
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4.2 Results and Discussion

In this section results will be presented that were obtained in the four-particle selection
(proton, π+, π+, π−) of the p+p data at a beam kinetic energy of 3.5 GeV. The data sample
was filtered such to enhance contributions from K0 production channels, especially to study
resonant reactions and their production dynamics. The analysis procedure is described in
detail in the previous section.

4.2.1 Exclusive Contributions

One of the main goals of this exclusive analysis was to extract the contributions of resonant
reactions that are produced in association with a neutral kaon. The data was studied in
five different mass spectra, which allowed to distinguish between these channels listed in
Table 4.2. As explained above, the simulated cocktail and the sideband sample, which was
used to model the background, were simultaneously fitted to these five spectra delivering
a scaling factor fch for each channel (C1) or channel class (C2 and C3). In the end, this
scaling factor could be used to calculate the total cross section σtotch taking the cross sections
σfitch into account, which were introduced as start parameters for the minimization process,
as following:

σtotch = fch · σfitch (4.35)
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Figure 4.10: Missing mass distribution with respect to the p, π+, π+ and π− in panel (a)
and in panel (b) with respect to the p, π+ and π−, both with a cut on the K0

S mass in the
π+π−-invariant mass spectrum (Fig. 4.1). The gray histogram corresponds to the sum of
simulated contributions plus the background defined by the sideband sample. The double
arrows in panel (a) indicate the so-called Λ-cut and Σ0-cut, respectively. The dotted and
dashed lines in panel (b) at 1100 MeV/c2 and 1270 MeV/c2 are used as cuts in other variables.
See text for details.
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The minimization converged with a χ2/NDF of 2.57, which already points out the good
agreement of the fitted contributions to the experimental spectra. In Figure 4.10 one can
find the missing mass spectrum to the four selected particles MM(p,π+,π−,π+) in panel
(a), while in panel (b) the missing mass to the proton, π+ and π− is illustrated. The
simulated K0

S reactions scaled according to the parameters obtained from the minimization
procedure are plotted as colored curves, the background model is shown as a blue filled
area and the incoherent sum of all contributions is depicted in gray. Only the multi-pion
reactions (C2) are not shown in the plots, since the resulting contribution (≈3.91 · 10−7µb)
is extremely small. First of all one can see that the sum of all contributions matches
the experimental data very nicely in both distributions. All the peak structures together
with their widths, that mainly originate from the HADES detector resolution, are in good
agreement. Even the low mass tails together with the proton peak in the MM(p,π+,π−),
which are almost entirely background events and hence had to be modeled by the sideband
sample, are fairly well reproduced. This is also visible in the MM(p,π+,π−,π+)CUT spectrum,
which is plotted in Figure 4.11. Altogether, the background model covers more than half
of the selected statistics, which was already reflected in the S/B ratio of 0.64 obtained
from the π+π−-invariant mass distribution in Figure 4.1. However, a distinction between
non-resonant and resonant reactions was not possible with these missing mass spectra,
although the Σ(1385)+ reaction could be pretty well separated from the Σ+ reaction
in the MM(p,π+,π−) and the Λ from the Σ0 reactions in the MM(p,π+,π−,π+). But for
example the three reactions p + p → Λ + ∆++ + K0, p + p → Λ + p + π+ + K0 and
p+ p→ Σ(1385)+ + p+K0 were mixed up in the Λ-peak of the four-particle missing mass
distribution.
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Figure 4.11: Missing mass distribution with respect to the p, π+, π+ and π− obtained after
the cut MM(p,π+,π−) > 1270 MeV/c2 and a cut on the K0

S mass in the π+π−-invariant mass
spectrum (Fig. 4.1). The gray histogram corresponds to the sum of simulated contributions
plus the background defined by the sideband sample.
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Figure 4.12: pπ+-invariant mass distribution after the Λ-cut (panel (a)) and Σ0-cut (panel
(b)) on the MM(p,π+,π+,π−) distribution (Fig. 4.10 panel (a)) and with a cut on the K0

S mass
in the π+π−-invariant mass spectrum (Fig. 4.1). The gray histogram corresponds to the sum
of simulated contributions plus the background defined by the sideband sample. The same
color code and line styles are used as in Figs. 4.10 and 4.11.

Therefore, further observables were included in the minimization procedure, which are
the pπ+-invariant mass spectra seen in Figure 4.12 subdivided into Λ- (panel (a)) and
Σ0-events (panel (b)). Also these spectra are quite well reproduced by the sum of the fitted
contributions. As already suggested by the experimental spectra, most of the yield arise from
the resonant reactions p+p→ Λ/Σ0 +∆++ +K0. Furthermore, a rather large contribution
comes from the channel p+ p→ Σ(1385)+ + p+K0, whereas the non-resonant reactions
including the so-called “other K0

S” channels play a minor role. From Figure 4.12 panel
(b) one can also notice that the Σ0-selection did not work as efficiently as the Λ-selection,
which is due to the MM(p,π+,π−,π+) resolution. A rather large amount of Λ reactions
still contributes in this spectrum. Nevertheless, this issue could be handled thanks to the
minimization procedure, which fixed the contributions on five different observables at once.
The necessity for a dominant production of the ∆++ channels was checked in addition by
presuming that the final states Λ+ p+ π+ +K0 and Σ0 + p+ π+ +K0 would originate
only from non-resonant formation. In that sense, the full yields of the ∆++ reactions were
assigned to the corresponding non-resonant reactions. The resulting pπ+-invariant mass
spectra can be found in Figure 4.13. Here, a significant worsening of the agreement between
the model and the data is visible especially in panel (a), which depicts the Λ-events. This
means in numbers a change of the χ2/NDF from 1.29 to 5.44 in the pπ+-invariant mass
spectrum with a Λ-selection and from 2.44 to 3.55 in the Σ0-spectrum. These observations
confirm the statement that still at the measured kinetic beam energy of 3.5 GeV resonant
productions are not only present but predominant.
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Figure 4.13: pπ+-invariant mass distribution after the Λ-cut (panel (a)) and Σ0-cut (panel
(b)) on the MM(p,π+,π+,π−) distribution (Fig. 4.10 panel (a)) and with a cut on the K0

S mass
in the π+π−-invariant mass spectrum (Fig. 4.1). Full yields of the resonant ∆++ reactions
assigned to the non-resonant Λ/Σ0 + p+ π+ +K0 reactions. The gray histogram corresponds
to the sum of simulated contributions plus the background defined by the sideband sample.
The same color code and line styles are used as in Figs. 4.10 and 4.11.

As described in Section 4.1.5 the yields of the background sample and the simulated
K0 channels were fixed via a simultaneous fit to the five mass spectra discussed above,
while incorporating angular anisotropies in four reactions (p+ p→ Σ+ + p+K0, p+ p→
Σ(1385)+ + p+K0, p+ p→ Λ+∆++ +K0 and p+ p→ Σ0 +∆++ +K0). Two angular
distributions were taken from previous measurements [AB+12, A+12b] and the anisotropies
from the ∆++ reactions were determined in the presented analysis. Only by taking them
into account a reasonable agreement could be achieved in the angular distributions in the
pπ+-system, which are plotted in Figure 4.14 for the Λ-events in panel (a) and for the
Σ0-events in panel (b). The color code for the model is the same as for the mass spectra.
When comparing these plots with the distributions seen in Figure 4.8, in which all the
simulations were produced isotropically, one can recognize immediately that the backward
angles can be described much better, if the angular anisotropies are included. Hereby, a
rather strong anisotropy was needed for the ∆++ produced together with a Λ, while for
its formation with a Σ0 only a weak anisotropy was compatible. The obtained Legendre
polynomial parametrization is as follows for the first case:

F (cosΘ∆++

cm ) = 14.84µb+ 22.15µb · 1
2(3cos2Θ∆++

cm − 1). (4.36)

And for the reaction p + p → Σ0 + ∆++ + K0 the parametrization of the ∆++ angular
anisotropy was found to be:

F (cosΘ∆++

cm ) = 4.63µb+ 0.36µb · 1
2(3cos2Θ∆++

cm − 1). (4.37)
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Such a behavior of the angular anisotropy, which is dependent on the hyperon produced in
the final state, was already discovered by the COSY-TOF Collaboration while studying the
reactions p+ p→ Λ/Σ0 + p+K+ at pbeam = 3059 MeV/c [AB+10] and can be interpreted
as a consequence of the different production mechanisms involving intermediate N∗ and ∆∗
resonances to form a ΣK- or ΛK-pair, while the latter cannot be generated through ∆∗.
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Figure 4.14: Angular distributions of pπ+-pairs in the center of mass reference system
either in the Λ-cut (panel (a)) or in the Σ0-cut (panel (b)) with a cut on the K0

S mass in the
π+π−-invariant mass spectrum (Fig. 4.1). The gray histogram corresponds to the sum of
simulated contributions plus the background defined by the sideband sample. The same color
code and line styles are used as in Figs. 4.10 and 4.11.

Since the model consisting of the simulated K0 cocktail and the sideband sample to emulate
the background describes all the kinematic distributions fairly well, a correction of the
detector acceptance and analysis efficiency could be performed on the angular distributions
making use of this model. For this purpose, the experimental cosΘpπ+

cm spectrum for the
reactions p+ p→ Λ+∆++ +K0 and p+ p→ Λ+ p+ π+ +K0 in Figure 4.14 panel (a)
was prepared by subtracting all other simulated reactions and the background model. The
angular distribution of the reactions p+p→ Σ0 +∆++ +K0 and p+p→ Σ0 +p+π+ +K0 in
Figure 4.14 panel (b) was obtained accordingly. Of course, the requirement for this
procedure was that the yields and the angular anisotropies incorporated for the Σ+ and
Σ(1385)+ channels were correct. Otherwise, a model independent correction would also not
be possible in this one-dimensional kinematic observable. However, the correction could be
applied under the assumption that the Σ+ and Σ(1385)+ channels were modeled correctly
and that a one-dimensional acceptance and efficiency correction does approximately work.
The correction that needed to be applied to the experimental spectra was determined from
the simulation of the two ∆++ reactions and the two corresponding non-resonant reactions
by comparing their acceptance and efficiency filtered to their initial distributions. The
result overlaid with the simulated reactions can be found in Figure 4.15, in which panel
(a) shows the Λ associated channels and panel (b) the channels linked to Σ0. The figures
include the systematic uncertainties identified by a permutation of the K0

S off-vertex cuts



90 4 The Exclusive K0
S production in p+p @ 3.5 GeV

by ±20% as it was done in the inclusive K0
S analysis (see Table 3.2) and by a variation

of the integral in the π+π−-invariant mass, which defined the sideband sample, again by
±20%. Although the uncertainties in some bins are rather large, it is clearly visible that
the pπ+-angular distribution of the Λ reactions favor a strong backward forward anisotropy,
whereas the pπ+-system of the Σ0 reactions is produced nearly isotropically.
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Figure 4.15: Absolute normalized angular distributions of pπ+-pairs in the center of mass
reference system corrected for acceptance and efficiency. Panel (a) includes contributions
from the reactions p + p → Λ + (p + π+)/∆++ + K0 and panel (b) from the reactions
p+ p→ Σ0 + (p+ π+)/∆++ +K0. The gray histogram corresponds to the sum of simulated
contributions. The gray bands are the systematic uncertainties, whereas the red cups indicate
the 7% uncertainty from the absolute normalization to elastic scattering cross sections [Rus10].

4.2.2 Exclusive Cross Sections

From the simultaneous fit of the model contributions to the three missing mass and two
invariant mass spectra (Figs. 4.10, 4.11 and 4.12) it was possible to determine the relative
yields of each fitted component to the experimental data. Therefore, the absolute cross
sections of the K0 channels could be extracted from Equation 4.35 using the scaling factors
fch obtained from this minimization process and are listed in Table 4.4. The Table quotes
also uncertainties in the following sequence: Statistical uncertainties, that were calculated
relative to the experimental uncertainties; systematic uncertainties, that were determined
equally to the corrected angular distributions in Figure 4.15 through the variation of the
K0
S secondary vertex cuts by ±20% (see Table 3.2) and by modifying the integral in the

π+π−-invariant mass spectrum used for the sideband sample again by ±20%; and systematic
uncertainties originating from the normalization to the elastic cross section [Rus10], which
is always ±7% from the measured value. Furthermore, the cross sections are shown for
the two cases, when assuming isotropic productions of all channels and when including
angular anisotropies for the reactions p + p→ Λ + ∆++ + K0, p + p→ Σ0 + ∆++ + K0,
p + p → Σ+ + p + K0 and p + p → Σ(1385)+ + p + K0 (see Sec. 4.1.5) to be able to
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reproduce the pπ+-angular distributions (Fig. 4.14). The cross sections for the multi-pion
reactions (C2) are not listed, since their contribution to the selected data sample were too
small to extract a definite number. For the group of “other K0” reactions (C3) a reduction
of their summed cross sections by a factor 0.82 was observed.

Table 4.4: Cross sections of the exclusive K0 reactions. Here σanisotropic means that the four
channels listed in Table 4.3 include an anisotropic angular distribution, while σisotropic means
that all channels were simulated isotropically. The first uncertainties correspond to statistical
errors from the experimental data. The second uncertainties are the systematic errors from
the variation of K0

S secondary vertex cuts by ±20% and the variation of the integral in the
π+π−-invariant mass distribution used for the sideband sample by again ±20%. The third
uncertainties stem from the systematic uncertainties of the normalization to the elastic cross
section [Rus10].

K0 reactions σisotropic [µb] σanisotropic [µb]
p+ p→ Σ+ + p+K0 24.25± 0.63+2.42

−1.80 ± 1.70 26.27± 0.64+2.57
−2.13 ± 1.84

p+ p→ Λ+ p+ π+ +K0 2.37± 0.02+0.18
−2.35 ± 0.17 2.57± 0.02+0.21

−1.98 ± 0.18
p+ p→ Σ0 + p+ π+ +K0 1.40± 0.02+0.41

−1.40 ± 0.10 1.35± 0.02+0.10
−1.35 ± 0.09

p+ p→ Λ+∆++ +K0 25.56± 0.08+1.85
−1.45 ± 1.79 29.45± 0.08+1.67

−1.46 ± 2.06
p+ p→ Σ0 +∆++ +K0 9.17± 0.05+1.45

−0.11 ± 0.64 9.26± 0.05+1.41
−0.31 ± 0.65

p+ p→ Σ(1385)+ + p+K0 13.15± 0.05+1.91
−2.07 ± 0.92 14.35± 0.05+1.79

−2.14 ± 1.00

First of all, one can see that the cross sections are sensitive to the angular distributions,
at least the ones from the reactions, which were weighted with angular anisotropy. It
makes a difference especially for the cross section of the reaction p+ p→ Λ+∆++ +K0 ,
which changes by almost 15.22% with respect to the isotropic value. Therefore, one can
conclude that not only the cross sections, but also the correct angular distributions need to
be implemented in theoretical models. Furthermore, the numbers confirm what was already
observed from the figures. The resonant reactions play a major role in this p+p data sample
measured at the kinetic beam energy of 3.5 GeV, which reflects in a ten times higher cross
section of the reaction p + p → Λ + ∆++ + K0 compared to its non-resonant equivalent
and a six times larger production yield in the case, if a Σ0 is formed. Actually, if the
uncertainties are taken into account, it is not even sure, whether non-resonant productions
are needed at all. Moreover, the cross sections of the reaction p+ p→ Σ+ + p+K0 and
p+ p→ Σ(1385)+ + p+K0 could be determined in this analysis, which have comparable
contributions to the resonant ∆++ channels.

Furthermore, it is interesting to compare the extracted cross sections to the starting values
of the minimization procedure (see Table 4.2), since they were obtained with help of other
experimental measurements. However, large differences are observed. At first one has to
recall the circumstances of how these start values were determined. For instance, when the
measured cross sections of the reactions p+p→ Λ/Σ0 +p+π+ +K0 at other beam energies
were fitted with a parametrization according to phase space [SC98] (Fig. 2.11, panel (a) and
(c)), the non-resonant as well as the resonant cross sections of channels with the particular
final states were summed up (see Sec. 2.4.2). Therefore, the fitted cross sections of these
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Figure 4.16: Experimentally measured cross sections [MS88, N+07, AB+12, A+14a] as a
function of kinetic beam energy for the quoted reactions. The blue triangles correspond to
the cross sections determined in this analysis with statistical uncertainties (smaller than the
symbol). The first entries indicate the threshold energies.
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two reactions (σfitΛpπ+K0 = 18.40 µb, σfitΣ0pπ+K0 = 12.38 µb) are rather large and are not
directly comparable with the exclusively extracted values quoted in Table 4.4. However, one
can use the same procedure with the determined cross sections and sum up the values of
the reactions, which lead to the same final states taking also into account the branching of
the reaction p+ p→ Σ(1385)+ + p+K0 (Σ(1385)+ → Λ+ π+ 87%, Σ(1385)+ → Σ0 + π+

11.7%), to obtain comparable numbers. By doing so, the sum of the cross sections leading to
the Λ+ p+π+ +K0 final states yields to 44.50± 0.09(stat) µb, while for the Σ0 production
the sum amounts to 12.29± 0.06(stat) µb. In that sense, the cross sections extracted by
the phase space parametrization still differ a lot from the here measured, which can be
attributed to the uncertainties of the fit due to the large uncertainties of the measurements
at higher energies and due to the lack of data at intermediate energies. Ultimately, the
cross sections extracted in this analysis (blue triangles) were plotted together with the
other measurements (black squares) in Figure 4.16 filling up the intermediate energy regime.
Also here, the summed cross sections are plotted in panel (b) and (d) for the reactions
p+ p→ Λ/Σ0 + p+ π+ +K0. The HADES data points lie nicely in the trend of the other
measurements except for the reaction p+ p→ Λ+∆++ +K0, which seems to be too high.
However, only two further experiments have studied this reaction before so that a final
judgment cannot be made. A plot for the reaction p+ p→ Σ0 +∆++ +K0 is not shown,
since there are no other measurements to compare with meaning also that this cross section
has been extracted for the first time.

4.3 Implementation of the Exclusive Cross Sections
in Models

In the last sections the results have been shown including exclusive cross sections for resonant
and non-resonant K0 reactions and angular distributions for the ∆++ reactions. These
results were adopted in the first instance in the Pluto model consisting of a K0 cocktail and
compared to the results from the inclusive K0

S analysis on an absolute scale. Thereby, the
reaction p+ p→ Σ0 +∆++ +K0 was simulated in addition to the 13 K0 channels used for
acceptance and efficiency correction of the inclusive spectra (Table 2.2). And moreover, the
angular distributions of the ∆++ in the reactions p+ p→ Λ/Σ0 +∆++ +K0 were weighted
according to Equations 4.36 and 4.37. Also the angular anisotropy of the Σ(1385)+ was
incorporated to weight the reaction p+ p→ Σ(1385)+ + p+K0 (Table 4.3). As in Section
3.4, in which the 13 simulated K0 channels with the phase space cross sections (Table
2.2) were compared to data, the double differential kinematics pt-ycm and cosΘcm-pcm were
chosen for the same purpose. The corresponding plots can be found in the Figures 4.17 and
4.18. Although the Pluto cocktail with the fitted cross sections was already in a rather good
agreement with the inclusive K0

S spectra, quite some improvement can be observed, when
the results of the exclusive analysis were implemented. This can be seen for example in the
transverse momentum spectra, in which first of all the maxima have shifted 50-100 MeV/c
higher and second, which is more pronounced, the yield in the rapidity bins farer away
from mid-rapidity have increased leading to a much better description of the experimental
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Figure 4.17: Comparison of the experimental K0
S pt-ycm distributions (black squares) to

a Pluto/Monte Carlo cocktail of 14 K0
S channels (red open circles) on an absolute scale.

Exclusive cross sections and angular anisotropies were implemented. The experimental data
includes statistical (black lines) and systematic uncertainties (orange bars).
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Figure 4.18: Comparison of the experimental K0
S angular distributions (black squares) to

a Pluto/Monte Carlo cocktail of 14 K0
S channels (red open circles) as a function of five pcm

bins. Exclusive cross sections and angular anisotropies were implemented. Both data sets
are absolute normalized and fitted with a Legendre polynomial function (Eq. 3.6). The
experimental data includes statistical (black lines) and systematic uncertainties (orange bars).
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data. Furthermore, this improvement is visible in the angular distributions, which catch
the observed angular anisotropy more precisely due to the inclusion of further anisotropic
channels. The normalized second coefficient of a Legendre polynomial fit A2/A0 confirms
this observation (see Table 4.5). The ratio increased in all center-of-mass momentum
bins relatively to the ratio extracted from the primary Pluto cocktail (Table 3.4) and
is therefore closer to the experimental values, though discrepancies still remain. That
suggests that further reaction channels might be produced anisotropic and/or intermediate
resonances play also a role in other final states. Nevertheless, the overall good agreement
of the Monte Carlo cocktail with the experimental data points out the rather plain physics,
that is involved in p+p reactions, and confirms that there is no need to implement any
extraordinary effects.

Table 4.5: Normalized second coefficients A2/A0 of the Legendre polynomial functions fitted
to K0

S angular distributions depending on the studied center-of-mass momentum range for the
Pluto cocktail using the measured exclusive cross sections and angular distributions, for the
tuned GiBUU-resonance model and for the experimental values determined in Section 3.2.3.

pcm [MeV/c] Pluto GiBUU-Rtuned EXP
0− 160 0.065± 0.008 0.046± 0.012 0.223± 0.089

160− 320 0.092± 0.004 0.080± 0.006 0.158± 0.031
320− 480 0.145± 0.004 0.136± 0.006 0.118± 0.024
480− 640 0.227± 0.005 0.267± 0.008 0.257± 0.030
640− 800 0.325± 0.010 0.543± 0.028 0.578± 0.070

Furthermore, it was possible to compare the experimental spectra to a modified GiBUU
transport model [B+12] incorporating a pure resonance model. In the following the
modification of the model will be explained and can be also found in [A+14c]. As already
mentioned in Section 3.5.3, when comparing the inclusive data to GiBUU, the model uses
cross section parameterizations from the resonance model of Tsushima et al. [TST99] if
dealing with strangeness. However, for some exclusive channels an overestimation was
observed, when confronting the model with measured cross sections [TST99]. And so the
overshoot relative to the inclusive K0

S spectra seen in the Figures 3.21 and 3.22 is well
comprehensible. Therefore, the obvious modification that had to be applied was to adjust
the parametrization such to fit not only the cross sections determined in this analysis but
also experimental data measured at other energies. This was done by multiplying a scaling
factor to the cross section parametrization of the corresponding channels. As seen in Table
4.6 especially the four-body reaction p+ p→ Λ+ p+ π+ +K0 had to be scaled down by a
factor 0.42, which is solely produced via the reaction p+ p→ Λ+∆++ +K0 in the model.
In that sense, the model is rather close to the findings of this analysis. However, also other
reactions found in the same Table were decreased. Moreover, enough energy is provided at
the studied beam energy (Ekin = 3.5 GeV) to open phase space for five-body reactions, which
are not included in the resonance model. For example an excess energy of ε = 344 MeV is
found for the reaction p+ p→ Λ+ n+ π+ + π+ +K0. Further five-body final states are
listed under multi-pion K0 reactions (C2) together with their excess energies in Table 4.2.
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In order to consider them in the model the channels p+p→ Λ(1405)/Σ(1385)0 +∆++ +K0

and p+p→ Σ(1385)+ +∆+ +K0 were added exploiting the decays of the Λ(1405) into Σπ-
and of the Σ(1385) into Λπ- and Σπ-pairs. Since more final state particles are produced
in these reactions, less energy is given to the K0, which is reflected in a shift of the
transverse momentum distribution to lower values. This modification is, therefore, needed
to compensate the original GiBUU pt distributions, which peak at higher momenta than the
experimental ones (Fig. 3.21). The cross sections of these five-body channels found in Table
4.6 were chosen in such a way as to reproduce the low pt regions of the inclusive K0

S spectra.
At the same time the cross sections were constrained such to not exceed the cross sections
of the reactions p+ p→ N + Λ(1405)/Σ(1385) +K as reported in [A+12b, A+12e, A+13],
since a formation of more final states should be less probable.

Table 4.6: Cross sections at a beam energy of Ekin = 3.5 GeV used in the GiBUU resonance
model [B+12] based on [TST99]. Listed are original and tuned values together with the
applied scaling factors in brackets. The last three reactions were added on top of the original
model.

Reaction GiBUU-R [µb] GiBUU-Rtuned [µb]
p+ p→ Σ+ + p+K0 37.8 26.5 (0.70)
p+ p→ Λ+ p+ π+ +K0 75.9 31.9 (0.42)
p+ p→ Σ0 + p+ π+ +K0 24.6 17.7 (0.72)
p+ p→ Σ+ + p+ π0 +K0 10.9 7.8 (0.72)
p+ p→ Σ+ + n+ π+ +K0 5.5 3.9 (0.72)
p+ p→ Λ(1405) +∆++ +K0 n/a 5.3
p+ p→ Σ(1385)0 +∆++ +K0 n/a 3.5
p+ p→ Σ(1385)+ +∆+ +K0 n/a 2.3

With these changes a comparison of the GiBUU model was performed to the experimental pt-
ycm (Fig. 4.19) and cosΘcm-pcm (Fig. 4.20) spectra of the inclusive K0

S production as before
on an absolute scale. A significant improvement of the comparison can be found in both
representations with respect to the confrontation with the original model (Figs. 3.21 and
3.22). The yields almost coincide with the data in all transverse momentum distributions
and also the maxima are in good agreement. This is confirmed in the angular distributions,
which nicely agree in terms of yield. Only the highest center-of-mass momentum bin
(pcm = 640− 800 MeV/c) seems to be a little bit underestimated. However, no conclusion
can be made here, since not the whole cosΘcm range was measured in this momentum bin.
In terms of the strength of the angular anisotropy, no big difference was observed, as no
changes were made regarding this aspect. Differences might have occurred only because
of the modified relative cross sections of the reactions. Therefore, small fluctuations were
measured in the normalized A2 coefficients (Table 4.5) from fitting the angular distributions
with a Legendre polynomial function (Eq. 3.6) compared to the original values (Table 3.4).
However, already the original model reproduced the experimental angular anisotropy in a
satisfactory way, which can be deduced from the tuned model as well. The good agreement
of the modified GiBUU model with the data allowed the usage of this tuned model for
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Figure 4.19: Comparison of the experimental K0
S pt-ycm distributions (black squares) to the

GiBUU transport model [B+12] based on the modified Tsushima resonance model [TST99]
(blue open triangles) on an absolute scale. The experimental data includes statistical (black
lines) and systematic uncertainties (orange bars).
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Figure 4.20: Comparison of the experimental K0
S angular distributions (black squares)

to the GiBUU transport model [B+12] based on the modified Tsushima resonance model
[TST99](blue open triangles) as a function of five center-of-mass momentum bins. Both data
sets are absolute normalized and fitted with a Legendre polynomial function (Eq. 3.6). The
experimental data includes statistical (black lines) and systematic uncertainties (orange bars).
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more complicated reactions, namely p+Nb reactions, which have been measured at the
same beam energy as the p+p data also with the HADES spectrometer. In a separate
analysis of that data set it was possible to draw a conclusion on the repulsive kaon nucleon
potential at normal nuclear density, which was found to be 40±5 MeV [A+14c]. Thereby,
the GiBUU model was fixed by the p+p data as explained above, while other poorly
constraint parameters like cross sections for p+ n→ N + Y +K or ∆+N → K +X were
systematically varied, to be able to pin down the desired information (KN potential) from
the model.

4.4 Summary of the Exclusive K0
S Analysis

One of the motivations to study exclusive K0
S channels in the p+p data sample collected at

3.5 GeV kinetic beam energy was given by the unsatisfactorily description of the kinematic
distributions of the inclusive K0

S production by transport models (Section 3.5), since this
was required to extract information on the KN potential in the p+Nb data recorded at
the same incident energy. The reason was found amongst others in the lack of exclusive
experimental cross sections measured at the presented intermediate energy regime, in which
the need of the inclusion of resonant reactions in the theoretical calculations had to be
clarified. Therefore, K0

S channels associated with resonant production (p+p→ K0
S +R+X)

were of particular interest and were studied in this work.

It was shown that by selecting events with exactly the four charged particles proton, π+,
π+ and π− the fraction of following reactions could be enhanced in the data sample for
further investigations:

• p+ p→ Λ+∆++ +K0

• p+ p→ Λ+ p+ π+ +K0

• p+ p→ Σ+ + p+K0

• p+ p→ Σ0 +∆++ +K0

• p+ p→ Σ0 + p+ π+ +K0

• p+ p→ Σ(1385)+ + p+K0

All K0
S production channels, which were taken into account, are listed in Table 4.2. Several

cuts on the primary and the secondary vertex of the K0
S were applied on the data sample

to reduce background contributions. However, a considerable amount of background
originating from combinatorics of non-strange reactions remained and is reflected in the
S/B ratio of 0.64 in the π+π−-invariant mass spectrum (Fig. 4.1). A procedure was
found to describe this background with so-called sideband events, which is explained in
Section 4.1.3. Five kinematical observables (three missing mass and two invariant mass
distributions) illustrated in Figure 4.2 were defined to separate the listed reactions from
each other. Indeed the obtained spectra confirmed the capability to distinguish reactions
by the type of their hyperon content, which is of special interest, since the reaction
p+ p→ Σ0 +∆++ +K0 has never been measured at any energy before. Furthermore, the
goal to determine the contribution of the resonant ∆(1232)++ reactions could be reached
by including the pπ+-invariant mass spectra in the analysis, which allowed to differentiate
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between a typical Breit-Wigner shape and a flat non-resonant phase space distribution.
The relative contributions of the K0

S channels, which were simulated by means of Monte
Carlo with help of the Pluto event generator [F+07], and the background model were
finally obtained by fitting them simultaneously to these five mass observables leading to the
results shown in Section 4.2. Thereby, no interference was assumed to happen between the
corresponding reactions. The extracted cross sections are quoted in Table 4.4 pointing out
a predominant role of resonant production channels (6-10 times more than non-resonant)
and rather large contributions from the Σ+ and the Σ(1385)+ reactions.

In the course of this analysis also the angular distribution of the pπ+-system was considered
and studied with the assumption that the anisotropies included for the reactions p+ p→
Σ+ + p + K0 and p + p → Σ(1385)+ + p + K0 from previous measurements [AB+12,
A+12b] are applicable for this analysis. The implementation of an angular anisotropy
for the two ∆++ channels was found to be necessary to reproduce the cosΘpπ+

cm spectra
shown in Figure 4.3, let it be for Λ-preselected events or for Σ0-preselected ones. The
needed angular dependency could be determined (Sec. 4.1.5) and the corrected angular
distributions are depicted in Figure 4.15, while the obtained values for the Legendre
polynomial parameterizations can be found in Table 4.3. The angular anisotropies were
found to be related to the hyperon type contained in the studied channel. Thus, a rather
strong anisotropy was found to be necessary, if the ∆++ reaction comes along with a Λ,
whereas a Σ0 in the final state would lead to an almost flat emission of the ∆++. Similar
findings were obtained by the COSY-TOF Collaboration [AB+10], which indicate very
different production mechanisms of the corresponding channels to be the reason.

Last, but not least these exclusive results were implemented in terms of yield and anisotropy
in a Monte Carlo cocktail of 14 K0 channels and compared to experimental inclusive
K0
S spectra by means of pt-ycm and cosΘcm-pcm (Figs. 4.17 and 4.18). A quite good

description was found in both representations demonstrating the fact that no further
processes are hidden in p+p collisions, but also approving the exclusive results obtained
in this analysis. Furthermore, the exclusive yields could be used to adjust the resonance
based GiBUU transport model [B+12, TST99], which under other modifications (see Sec.
4.3) fit nicely to the experimental spectra (Figs. 4.19 and 4.20). This allowed to fix the
p+p interactions in the model for the systematic study of the KN potential in the p+Nb
data set [A+14c], which was determined with a repulsive strength of 40±5 MeV.
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In today’s understanding the standard model (SM) of particle physics is assumed to be
the basic concept, with which our world can be explained. It did not only predict the
fundamental ingredients (quarks and leptons) of which material is made of, but also
delivered descriptions of the forces, that act in between them, and the gauge bosons,
that mediate the forces. Although the model has not been proven wrong until now, not
everything is well understood and thus require steady investigations. One of the hot
topics is the study of strong interaction, which has been described in the framework of
quantum chromodynamics (QCD). Due to this force quarks stick together within hadrons
and nucleons are bound to each other within nuclei. The special feature of strong interaction
is the property of gluons, which as mediators carry a combination of color–anti-color leading
to color confinement and asymptotic freedom. Confinement plays a role at large distances
equivalent to low-energy scales and is the reason, why quarks and gluons can never occur
as free particles at normal conditions. The confined hadron phase as characterized in the
QCD phase diagram is settled in this energy regime, in which the net baryon densities
and the temperatures are relatively low. Experiments at the GSI Helmholtzzentrum für
Schwerionenforschung in Darmstadt, Germany, which are supplied by the SIS18 synchrotron,
are operating in this range, also the HADES setup [A+09], with which the data of this
work has been recorded. The QCD phase diagram is actually the outcome of the nuclear
equation of state (EOS), which links parameters such as temperature T , pressure p and
baryon density ρ with each other (p(ρ,T )). Furthermore, it connects many physics fields
like astrophysics and nuclear physics and puts them into one global context. The form
of the EOS is, however, not fixed and contains a lot of free parameters, that need to be
determined little by little. Thereby, astrophysical observables as the mass and radius of
neutron stars help to constrain the EOS as well as measurements of heavy ion reactions to
probe different regimes of the QCD phase diagram. Hence, also rather high densities can
be reached in heavy ion collisions (1− 3ρ0 at SIS18) and provide indications of possible
compositions of the neutron star interior (5− 6ρ0). In terms of strangeness the idea of kaon
condensation inside the neutron star, first brought up by Kaplan and Nelson [KN86, NK87],
is of special interest. Such a condensate might appear, if the kaon chemical potential
becomes equal to the electron and nucleon chemical potential, which is assumed to set
in already at ≈2− 4ρ0. Although such a scenario would considerably soften the EOS at
least in the density region of heavy ion collisions, so that the heavy neutron star masses
measured recently (>1.97 M� [DPR+10, AFW+13]) could not be described anymore, some
theoreticians still hang on the possibility of this idea [SB08, WCSB12, MCS13, GA12].
More information is, therefore, needed from experimental side to understand better in-
medium effects and the resulting modifications of kaon interaction. The modification of
kaon properties inside of a surrounding medium can be attributed to a restoration of the

101
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spontaneously broken chiral symmetry as seen within the so-called chiral perturbation
theory (ChPT) [BR91, RW00, Fuc06]. In this framework the effective degrees of freedom
are not anymore the fermions, but the baryons and mesons. One can construct then the
effective chiral kaon-nucleon Lagrangian, which includes the Weinberg-Tomozawa term.
This term is responsible for the opposite behavior of kaons and anti-kaons in matter, since it
either generates a repulsive KN or an attractive K̄N potential leading to an in-/decrease of
the respective kaon/anti-kaon mass with nuclear density. The strength of the potentials are
not well measured especially for anti-kaons. For kaons (K+ and K0) several experiments
studying for example momentum spectra [B+04, B+09, A+10] have agreed in a relatively
slight repulsion, but disagree in the magnitude (UKN = 20 − 40 MeV). This situation
requires not only a re-measurement of this observable, but also a validation of transport
models, with which these results have been obtained.

The data used for this purpose are p+p reactions taken at a kinetic beam energy of 3.5 GeV.
This data should on the one hand serve as a reference for measurements of more complex
systems like p+A and heavy ion collisions, from which one could extract the KN potential,
and on the other hand allow for a cross-check of widely-used transport models. An inclusive
analysis was, therefore, performed to determine the K0 yield as a function of various
kinematical observables (Chap. 3). One of the chosen double differential representations
is the transverse momentum pt spectrum in different center-of-mass rapidity ycm ranges
(Sec. 3.2.1), which is of particular interest for the study of the KN potential. If the
K0 is produced within nuclear matter, it should feel the repulsive potential, that shifts the
momentum spectrum to larger values and suppresses low momentum kaons as compared to
kaons formed in p+p collisions. A further way to look at the K0 kinematics is the study of
angular distributions as a function of the momentum within the pp-center-of-mass reference
frame pcm-cosΘcm (Sec. 3.2.3), that offers the possibility to quantify the production angles
by means of a fit with a Legendre polynomial function. Thereby, the anisotropy was
found to be momentum dependent showing a minimum at pcm = 320− 480 MeV/c. Such
representations in two kinematical independent observables allowed for a model independent
acceptance and efficiency correction of the data (see Sec. 3.1.2), which was applied with
help of a Monte Carlo cocktail of 13 channels producing K0 mesons in the final state.
The composition of this simulation model is described in Section 2.4.2. To prove the
applicability of a model independent correction, that also excuses the use of models, which
do not completely reproduce reality, a self-consistency check was performed. As explained in
Section 3.3, the acceptance and efficiency correction matrix obtained from the Monte Carlo
cocktail was compared to the matrix, which was calculated from GiBUU simulations [B+12],
and showed very good agreement as expected. Moreover, these corrected double differential
spectra allowed to extract the integrated one-dimensional angular distribution dN/cosΘcm,
from which a slight overall anisotropy was observed comparable to the K0 production at
the lower beam energy of 2.26 GeV in the reaction p + p → Σ+ + p + K0 [AB+12]. In a
similar way, it was possible to determine the rapidity density distribution dN/dycm from the
pt-spectra as described in Section 3.2.2. After an absolute normalization of the data (see
Sec. 2.3.3), a total K0 cross section of 113.5± 2.7(stat)+16.6

−10.2(sys) µb could be determined
from this observable. Furthermore, both of these one-dimensional distributions reflect a
symmetric production of the K0 mesons with respect to the pp-center-of-mass and thus
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confirm the validity of the analysis procedure.

As mentioned above, these data were used for a cross-check of some widely-used transport
calculations (HSD [CB99], UrQMD [B+98] and GiBUU [B+12]), which principles are
explained in Section 1.6. The main difference between these theories is, however, the
underlying model applied at the studied energy (

√
s = 3.18 GeV). In this energy regime,

HSD already uses the FRITIOF [AGP93] string fragmentation model for the description
of particles, while UrQMD still relies on a resonance model. Since the GiBUU model is
constructed quite flexible, it was possible to perform comparisons with the implemented
resonance and PYTHIA [SMS06] string fragmentation models separately by adjusting the
threshold energy for the transition accordingly. The double differential spectra introduced
above were employed for the comparisons on absolute scales. However, none of the transport
models could reproduce the K0 production kinematics satisfactorily. The angular anisotropy
implemented in the models is too strong for all simulations except for the resonance based
GiBUU model and the strength develops in a different way than in experiment. In fact, it
increases with rising center-of-mass momenta. Furthermore, not even the K0 production
cross sections could be reproduced by any model. The conclusion drawn from these results
is that still quite some investigations have to be carried out from theory side also to
reassure the results obtained from the measurements in terms of the KN potential in
[B+04, B+09, A+10].

Nevertheless, these disagreements between experiment and transport calculations motivated
a further analysis, with the aim to support theory with more experimental input. As
described in Section 1.6, one of the main ingredients in transport models are experimental
cross sections of elementary inelastic reactions. Therefore, exclusive measurements of
K0 production channels can help to provide more reference points for eventual cross section
parameterizations. The HADES energy regime is, furthermore, very interesting for transport
models, since it is located in the transition region, in which the theories start to switch or
have already switched from resonance to string fragmentation models. In this context, it is
also important to extract possible contributions of resonances, which should be considered
in the models. Since the reaction B + B → B + Y + K (with B = baryon or baryon
resonance and Y = Λ or Σ hyperon) is one of the main production channels for kaons, it is
obvious that baryon resonances (e.g. N∗ or ∆∗) might play a role in the initial as well as
in the final states and influence kaon dynamics. This work has focused on the second case,
namely on the resonance associated K0 production p+ p→ K0 +R+X. In particular, six
reactions were selected by choosing events, which include exactly the four particles proton,
π+, π+ and π−within the detected and identified particles:

• p+ p→ Λ+∆++ +K0

• p+ p→ Λ+ p+ π+ +K0

• p+ p→ Σ+ + p+K0

• p+ p→ Σ0 +∆++ +K0

• p+ p→ Σ0 + p+ π+ +K0

• p+ p→ Σ(1385)+ + p+K0

Here, the ∆++ corresponds to the ordinary ∆(1232)++. However, further channels with
a K0

S in the final state remain in the selected data sample, which were also taken into
account in this analysis. After various cuts, for example on the K0

S mass observed in
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the π+π−-invariant mass spectrum, a considerable background was left over, that mainly
stems from combinatorics of non-strange reactions. This background could be successfully
modeled by means of a K0

S sideband sample. The method is explained in Section 4.1.3. To
distinguish between the mentioned exclusive channels five kinematical observables (three
missing mass and two invariant mass spectra) were considered, which were introduced in
Section 4.1.2. For instance, they allowed to select on events with a Λ or a Σ0 in the final
states and more importantly to differentiate between the resonant ∆++ reactions and the
non-resonant channels. In order to determine the relative contributions of the K0 channels,
all of them were simulated by means of a Monte Carlo simulation and were fitted to the
five kinematical distributions at once, whereby the background model was included in the
fit as well. The results of the fit showing the incoherent sum of the fitted contributions
compared to the experimental spectra are depicted in Section 4.2. A rather good agreement
corresponding to a χ2/NDF of 2.57 was achieved in this procedure allowing to extract
the total reaction cross sections for the listed K0 channels. A dominant role was found
to be taken on by the resonant reactions. The ∆++ channels inhibit a 6-10 times higher
total yield as compared to their non-resonant equivalents. And also the reaction including
a Σ(1385)+ resonance shows a rather large relative contribution, which is almost half of
the amount of the reaction p + p → Σ+ + p + K0. Here, one can already conclude that
resonance models seem to be more suitable for the description of the HADES energy regime
(
√
s < 3.18 GeV).

Moreover, not only the exclusive cross sections could be extracted, but also information
on angular distributions. As described in Section 4.1.5, the implementation of angular
anisotropies in the production of the reactions p+p→ Λ/Σ0 +∆++ +K0 were necessary to
reproduce the angular distributions of the pπ+-system cosΘpπ+

cm . With help of an iterative
procedure, it was possible to determine the strength of the needed anisotropies in dependency
of the hyperon type formed in the final states. Quantitative numbers could be extracted by
means of Legendre polynomial parameters, which show a rather strong anisotropy in the
∆++ emission, if it is associated with a Λ hyperon. On the other hand, if it comes along
with a Σ0 an almost flat distribution is observed. Similar findings were obtained in a study
of the COSY-TOF Collaboration [AB+10] and were associated with the different production
mechanisms of ΛK- and ΣK-pairs involving intermediate N∗ and ∆∗ resonances.

Finally, it could be demonstrated that the inclusion of the exclusive results, which have
been published in [A+14a], into simulations could considerably improve the description of
the inclusive K0

S data. Already by implementing the yields and the angular anisotropies
into a simple incoherent Monte Carlo cocktail containing 14 K0 production channels it was
possible to reproduce the inclusive pt-ycm and cosΘcm-pcm distributions of the K0

S (Sec. 4.3).
That means that actually no further processes seem to be needed to describe p+p reactions.
Furthermore, it reassures the validity of the obtained exclusive results. As mentioned before,
such exclusive cross sections can be used as an input for transport models. Indeed, this
was done for the resonance based GiBUU model, which under some other modifications
(see Sec. 4.3) was able to describe the same two-dimensional spectra to such a good extend
that this improved model could be applied in another analysis to extract physics. Thereby,
the contributions of the p+p interactions were fixed reducing some of the uncertain model
parameters, while other parameters were systematically varied to determine the repulsive
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KN potential in the study of K0
S in p+Nb collisions at the same kinetic beam energy

[A+14c]. The strength of the KN potential was found to be 40±5 MeV. This should be
seen as a motivation to make use of the here obtained results also in other models and
thus reduce the number of free or uncertain parameters. This is needed to receive more
precise interpretations of p+A and heavy ion reactions, also for the upcoming experiments
of HADES and CBM at the FAIR facility (Darmstadt, Germany), which will perform
measurements at beam energies of 2-50 AGeV [F+11, FSS12].

In terms of studying kaon interaction and actually also anti-kaon interaction a further data
set just recorded last year with the HADES setup will help in an improved understanding.
The measurement of π−+A reactions (for A = 12C or 74W) at a beam momentum of
pbeam = 1.7 GeV/c benefit from an installed diamond start detector for time-of-flight
measurements, from an pion-tracker, with which one can determine the momentum of the
incoming secondary pion beam, and from high resolution RPCs (Resistive Plate Chambers),
which even allow for the identification of K+ and K− mesons. The results will complement
the pion-induced measurements carried out by the FOPI Collaboration [B+09] and deliver
further inputs for theoretical models. Furthermore, it offers another possibility to obtain
the strength of the KN potential at an energy range, in which all transport models agree
in using an underlying hadron/resonance model.





A Appendix to the Particle
Identification

A.1 Energy Loss in TOF and TOFino

Additionally to the energy loss (dE/dx) information of the MDCs (Multi-Wire Drift
Chambers) further detectors deliver information on the same quantity. The energy of a
particle track lost in the TOF is depicted in Figure A.1, panel (a), as a function of the
polarity times momentum. Although the dE/dx resolution is in principle good enough to
distinguish π+ mesons from protons up to a momentum of about 1000 MeV/c, protons
with momenta lower than 400 MeV/c are stopped in the detector and leave a signature of a
linear correlation in the energy loss distribution. As a consequence, pions are contaminated
with protons at low momenta and therefore cannot be identified unambiguously anymore.
This is the reason, why the TOF dE/dx information was not used in this work.

polarity*momentum (MeV/c)
-2000 -1000 0 1000 2000 3000

T
O

F
 d

E
/d

x 
(a

rb
. u

ni
t)

0

5

10

15

20

co
un

ts

1

10

210

310

410

510

p

+π
-π

polarity*momentum (MeV/c)
-2000 -1000 0 1000 2000 3000

T
O

F
IN

O
 d

E
/d

x 
(a

rb
. u

ni
t)

0

5

10

15

20

co
un

ts

1

10

210

310

410

510

p+π
-π

(a) (b)

Figure A.1: Experimental energy loss dE/dx in the TOF (panel (a)) and in the TOFino
(panel (b)) detectors as a function of the momentum times charge of the track. The white
dashed lines indicate the specific energy loss functions according to Bethe-Bloch (Eq. 2.1).

Also from the TOFino detector it is possible to extract the energy loss information, which is
shown in panel (b) of the same figure again as function of polarity times momentum of the
particle track. However, the dE/dx resolution is much worse than the one determined from
the MDCs allowing a separation of π+ mesons from protons only below 500 MeV/c. Thus,
no improvement of the particle identification can be expected by including this observable
and so it was also disregarded.
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A.2 Energy Loss in MDC with Pion Preselection in
TOF

To study the purity of the particle identification as described in Section 2.2 a rather pure
sample of pions needed to be preselected. Such a sample was retrieved by a narrow graphical
cut on the dE/dx distribution of the TOF detector (Fig. A.1, panel (a)). The MDC energy
loss distribution of these pions are illustrated in Figure A.2, in which a sharp cut-off at
1200 MeV/c is seen due to the applied cut in the TOF dE/dx. Since no other structure
than the one of the pions appear, which could be for example induced by the stopped
protons in the TOF, it was assumed that the pion sample is pure enough for the intended
purity study.
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Figure A.2: Experimental energy loss dE/dx in the MDCs as a function of the momentum
times charge of the track with a pion preselection with help of the TOF dE/dx information.
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